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Dramatic increases for maize production during the past 50 years in 
the United States have resulted from improved agronomic practices and 
the development of high-yielding hybrid varieties. Field shelling of 
high-moisture grain with high-speed harvesting equipment and utiliza­
tion of high-speed drying systems to minimize spoilage of high-moisture 
grain have become necessary to handle these large quantities of grain. 
Corresponding with increased maize production has been a continuous 
increase in the amount of marketed grain for domestic and foreign 
utilization. Implementation of equipment for high-speed grain transfer 
has become necessary to move grain through marketing channels. 
Because new, rapid methods of harvesting, drying, and handling 
have come into use and increased quantities of grain move through market­
ing channels, inferior physical grain quality has become a problem of 
increasing magnitude. Associated with physically damaged grain are 
many problems that cause financial losses to producers, shippers, 
processors, and ultimate users of maize grain. The amount of physical 
damage influences numerical grade, storability, processability, handling 
ability, and nutritional value. Grain bound for foreign markets is 
especially sensitive to physical quality differences because of increased 
storage time and grain transfers. 
Although the U.S. Grades and Standards have been stagnant since 
their introduction in 1917, there has been much effort to adopt changes 
that would provide producers with financial incentives to utilize 
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techniques conducive to delivering a superior market-quality product. 
Agricultural engineers have conducted much research to design and 
develop harvest combines, drying systems, and handling equipment that 
apply less stress on grain. However, reducing physical damage via 
machinery modifications incurs a cost of time, handling speed, and 
equipment. Development of a more pliable, breakage-resistant grain 
type via genotype modification would reduce these costs and would improve 
general product quality. Genotype modification has been minimal because 
of the absence of financial incentives for farmers to produce a superior 
product, and the inheritance of physical grain quality is not fully 
understood. 
This study to research physical grain quality of maize genotypes 
was initiated because improved physical grain quality is necessary and 
the development of financial incentives seems inevitable. General objec­
tives were: 
1) To evaluate relationships among kernel characteristics 
influencing physical grain quality; and 
2) To determine the potential for selection of genotypes that 
are resistant to grain breakage. 
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LITERATURE REVIEW 
Problems Associated with Physically Damaged Grain 
Healthy maize growing in the field produces shiny, yellow grain 
that is free of mechanical damage. But, from the time maize is har­
vested until it reaches the ultimate user, the physical quality of the 
grain gradually deteriorates. Physical damage is classified into two 
general categories: (1) external or visible damage and (2) internal 
or invisible damage (Kaminski, 1968). 
Associated with physical grain damage are many problems that result 
in maize being less desirable to farmers, shippers, processors, and 
ultimate users. The amount of damage can influence the numerical grade, 
storability, processing efficiency, and handling ability of the grain. 
Invisible losses occur during combine harvesting when fines blow 
out with combine trash causing a yield reduction. Kernel tips left in 
the cob and small kernel fragments pass out the rear of the combine 
when maize is harvested at high moisture contents. Depending on cob 
morphology, shellability of the particular genotype, machine adjustments, 
and especially harvest moisture, losses may range from 1 to 3% of the 
crop (Byg et al., 1966). 
Grain containing large proportions of broken kernels decrease the 
efficiency of dryer and aeration systems (Dodds, 1972). Concentrations 
of broken kernels decrease inter-kernel spaces and impede air flow 
through the grain (Akiyama, 1972). This tightly packed, damaged grain 
increases energy requirements for drying and/or causes incomplete drying. 
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Faster, less economical drying rates are necessary for damaged grain to 
avoid spoilage (Saul and Steele, 1966). When grain containing large 
proportions of broken kernels is loaded into bins from overhead spouts, 
columns of highly concentrated fines result. Air flow is impeded or 
completely stopped in this column, providing a warm, moist environment 
for microbial growth (Christensen and Kaufman, 1969). 
It is well-documented that physically damaged grain promotes storage 
rot development (Alberts, 1927; Zeleny, 1954; Liebenow, 1972; Christensen, 
1975; Mensah et al., 1981; Seitz et al., 1982). Kernels with damaged 
pericarps are foci for microbial growth (Alberts, 1927). Tuite and 
Foster (1979) reported that rots will develop at these foci and will 
spread to the remaining grain. Hodges et al. (1971) reported that 
growth of storage molds will be visible on broken surfaces and cracks 
before they will be visible on sound surfaces. Kernels with intact 
pericarps are protected against invasion by microorganisms and are 
resistant to subsequent physical damage (Wolf et al., 1952). This 
protection is not complete because basal kernel damage, a very common 
type of damage, allows microorganisms easy access to the embryo. 
High levels of moisture and temperature interact with physical 
grain damage to provide optimal environments for mold growth (USDA, 
1968). Large amounts of grain breakage cause unequal moisture distri­
bution, resulting in mold formation. Saul and Steele (1968) reported 
that grain can be stored for prolonged periods of time without spoilage 
under environmental conditions consisting of 45°F or less and 15% 
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moisture or less. Mold spoilage of maize during shipment can be esti­
mated by considering temperature, moisture, and length of previous 
storage (Perez et al., 1982). Because exported grain is subjected to 
an increased number of handlings that maximizes physical damage and is 
exposed to extended periods of storage, mold formation is more of a 
problem than with domestic grain (Christensen, 1975). 
Problems associated with microorganisms forming in stored grains 
include: (1) discoloration of part (usually the embryo) or all of the 
kernel, (2) heating and mustiness, (3) various biochemical changes, (4) 
production of toxins with various injurious effects on man and animal, 
and (5) dry matter loss (Christensen and Kaufman, 1969). Zeleny (1954) 
reported that molds are a primary factor in the production of free 
fatty acids in stored grain. Undesirable free fatty acids must be 
removed during oil refining, resulting in yield and quality reduction 
(Liebenow, 1972). Christensen and Kaufman (1969) reported that molds, 
particularly Pénicillium spp., Aspergillus glaucus, and Aspergillus 
flavus, may cause nutritive losses. 
Physical grain damage caused by high moisture harvesting may not 
cause an immediate effect on the market grade or feed value, bvit it 
is responsible for accelerated grain deterioration. Dry matter loss, 
an index of grain deterioration, is caused by grain respiration and 
biological activity and is a function of kernel damage, temperature, 
and moisture content (Saul and Steele, 1966; Steele, 1967). Hukill 
(1968) reported that broken grain enhances physiological changes 
responsible for further grain deterioration. Grain with 5% kernel 
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damage can be stored three times longer than grain with 30% kernel 
damage before a 1% loss in dry matter occurs (Saul and Steele, 1966; 
Steele, 1967). Because grain damage influences respiratory activity 
and grain deterioration, it is impossible to establish maximum safe 
moisture limits for grain storage (Zeleny, 1954). 
Grain containing a large proportion of broken kernels is likely 
to heat, resulting in large numbers of mold spores (Zeleny, 1954). 
Oxidation of food stuffs yielding carbon dioxide is the result of this 
mold growth. Saul and Steele (1966) reported that dry matter loss is 
proportional to the carbon dioxide produced because respiration is 
considered as carbohydrate oxidation. Grain containing a large amount 
of broken kernels will exhibit a relatively rapid rate of respiration 
because respiratory activity is largely that of microorganisms. 
Pénicillium spp., Aspergillus glaucus, Aspergillus flavus are particular 
molds that are major contributors to grain deterioration (Perez et al., 
1982). 
Production of toxic substances is another serious problem associ­
ated with the formation of fungi in physically damaged grain (Lillehoj 
et al., 198k-. 'xPrade and Manwiller (1976) reported relative toxin 
production potentials of maize varieties is dependent upon the degree 
of physical grain damage. Many hazardous mycotoxins have been dis­
covered to be produced by Pénicillium spp. (Perez et al., 1982). The 
extra handling and elapsed time involved for exported maize and the 
stability of some mycotoxins provide a potentially serious problem for 
U.S. maize consumed in foreign countries (Anderson, 1972). 
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Aflatoxins, produced primarily by Aspergillus flavus, are the most 
studied and most toxic group of mycotoxins (Liebenow, 1972; Freeman, 
1973). These toxic substances are highly hazardous to man, livestock, 
and poultry (Uhrig, 1968; Van Wormer, 1972; Christensen, 1975). Applebaum 
et al. (1982) researched aflatoxin consumption by dairy cattle and 
reported that unthriftness, anorexia, and decreased milk production 
occur. Animals affected by aflatoxin also produce milk containing 
chemically altered aflatoxin. Most alarming, alfatoxin is reported to 
be carcinogenic (Van Wormer, 1972; Applebaum et al., 1982). 
Physically damaged grain is more vulnerable to attack by insects 
than sound grain. Imperfect kernel seed coats allow weevils and other 
insects easy access. Ochieng (1981) reported a significant correlation 
exists between kernel breakage and vulnerability to rice weevil 
(Sitophilus oryzae L.). Eden (1952) reported that for an increase in 
kernel hardness there is a corresponding decrease in rice weevil damage. 
The rice weevil is one of the most important pests of stored grains 
with world wide distribution. Many other weevils are responsible for 
dry matter loss, and their presence also decreases product quality. 
Each time grain is handled and mechanically injured, dust is gen­
erated, causing a hazard to the grain elevator industry. Small kernel 
particles and grain dust associated with physically damaged grain are, 
in part, responsible for elevator explosions, environmental pollution, 
and health hazards to elevator employees (Anderson, 1975). Martin and 
Lai (1978) developed a wet, sieving-sonifying method for rapid 
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separation of dust from grain, but large-scale equipment for dust 
removal is expensive to install and operate. 
Following storage and transport, physical grain damage caused by 
harvesting, drying, and handling procedures decreases the production 
capability of wet milling industries. Reduced yields of primary prod­
ucts and impairment of product quality reduce the efficiency of wet 
milling industries when poor physical quality grain is processed. 
Problems associated with this poor quality include: (1) difficult 
separation of starch and protein in the endosperm, (2) low pigment 
content of gluten, (3) low starch viscosity, and (4) low oil recovery 
(Freeman, 1972). Oil recovery is considerably reduced primarily because 
of damaged embryos (Vojnovich et al., 1975). 
Dry milling industries are also very dependent on physical grain 
quality. Before milling, broken kernels are removed by screening and 
are then sold at a substantially lower price. Grain retained from the 
screening process includes sound kernels, whole kernels with stress 
cracks, and kernels with limited amounts of external damage. External 
kernel damage causes the concern of dry millers because of the potential 
problem with aflatoxins (Rutledge, 1977) . Dry millers are also con­
cerned with the direct effect of stress cracks on product yield and 
product quality. Increased potential for mold invasion, which results 
in the formation of mycotoxins, is a direct effect of subsequent kernel 
breakage that results from multiple internal stress cracks (Roberts, 
1972). Reduced yields of primary products is another problem associ­
ated with kernel stress cracks (Roberts, 1972; Rutledge, 1977). 
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Physically damaged grain has been demonstrated to cause problems 
for producers, handling firms, processors, and consumers. Minimization 
of such problems will become Increasingly important because of public 
demand and government regulations for improved purity of food. 
United States Grades and Standards 
There are many grain characteristics that are important to storage, 
industrial processing, and ultimate consumption. The U.S. Grades and 
Standards include some of these characteristics, providing the grain 
marketing system with an estimate of grain quality essential for grain 
to move through marketing channels. These essential grades and standards 
specify grain quality for futures, storage, and export contracts and 
designate quality as a basis for market news (Albert, 1975). Depending 
on the intended use of the grain, buyers use different characteristics 
of the grades to determine the value of various grain lots. Discounts 
translate these decisions into price paid per bushel. The grading cri­
teria in the U.S. Grades and Standards provide an important starting 
point because they are quality measurements mandated by law and are 
accepted by sellers and buyers. 
The present standards do not differ much from the original U.S. 
Grades and Standards adopted in 1917 (Shellenberger, 1975; Watson, 1981). 
However, many changes have occurred in maize production, harvesting 
methods, drying techniques, handling procedures, and grain exports. 
These changes have resulted in grain of inferior physical quality. 
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Ultimate uses of grain have also changed, many of which require grain 
of superior physical quality. 
Depending upon the viewpoint of the ultimate user, grain quality 
has various specific definitions. General grain quality measurements 
of the present U.S. Grades and Standards are of limited use for many of 
these specific quality factors (Watson, 1981). Grading information on 
the official grain inspection certificate is of limited value in pre­
dicting wet milling production capacity (Freeman, 1972). Efficiency of 
dry milling processes is also dependent on physical grain traits that 
are not effectively defined in the present standards. 
Kaminski (1968) reported that a grain marketing sieve removes only 
a small portion of cracked kernels. The present grading system that 
employs this marketing sieve does not account for all types of mechanical 
grain breakage (Mahmoud, 1972; Chowdhury and Buchele, 1976b). The major 
reason that no penalties are assessed for mechanical grain breakage 
other than fines is there exists no standard, commercial method of 
measurement that is rapid, economical, and free of error (Anderson, 1975; 
Chowdhury, 1978). 
Potential grain breakage is another physical grain characteristic 
for which no pénalités exist in the present grading system. Depending 
on genotypes, external physical damage, and internal kernel damage, 
great variation occurs in the degree to which U.S. number two (U.S. No. 
2) yellcfw corn physically deteriorates during the marketing process. 
Because of this physical deterioration, grades do not always remain the 
same and buyers have limited confidence in the assigned grade. This is 
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especially true with grain destined for foreign markets (Hill et al., 
1981b). Without standard procedures to determine total and potential 
grain breakage, no discounts can be assessed or premiums paid at the 
initial selling point of the grain. 
The present U.S. Grades and Standards do a poor job of reflecting 
physical characteristics that influence the ultimate value of grain 
for processing or consumption (Hill, 1977a). Emphasis on physical 
quality grading criteria should be increased. Knowledge of various 
valuable physical quality attributes to the maize user will be the 
basis for the development of an optimal grading system (Schrader and 
Zdanky, 1977). The export market is economically important enough to 
the U.S. that beneficial changes should be incorporated into one system 
(Butz, 1975). 
Economics and Incentives 
Financial incentives must be present for improvements in physical 
grain quality to occur. Because it is believed that much of the physi­
cal grain damage occurs during harvest and post-harvest operations, 
physical quality would be improved if grain elevators could base a 
purchase price on discounts for potential grain breakage and on premiums 
for minimum total grain breakage (Anderson, 1975). This basis would 
provide fanners with a financial incentive to use techniques that mini­
mize kernel breakage and breakage susceptibility. Our present grading 
system discounts inferior physical quality grain based only on broken 
corn and foreign material (BCFM) and does not reward superior physical 
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quality grain. Lack of premiums penalizes producers of physically 
superior grain (Uhrig, 1968). Because there are limited financial 
adjustments applied at the initial selling point for the physical quality 
of grain, the system fails to provide farmers with adequate financial 
incentives to produce a superior product (Christenbury and Buchele, 
1977) . Existing buying practices actually discourage producers from 
delivering high quality grain in many cases (Freeman, 1973). 
Financial losses attributed to grain breakage occur from harvest 
until ultimate product consumption. Grain fines and cobs containing 
kernel tips blow out the rear of the combine. Byg et al. (1966) reported 
losses of up to 3% of the crop. Damaged grain decreases dryer effici­
ency, which increases energy costs (Akiyama, 1972). Producers also 
incur a direct financial loss because of physical damage when they 
deliver grain containing 3% or greater BCFM. These explicit, financial 
losses can be minimal compared with implicit financial losses occurring 
in the marketing channels resulting from grain exhibiting high breakage 
and high breakage susceptibility. 
Grain moving through marketing channels is physically abused causing 
broken kernels to become more prevalent. When broken kernels accumulate 
and exceed grade limitations, handling firms screen the grain and sell 
these removed screenings. Maize screenings are lower in chemical and 
nutritional value and are sold at a reduced price (Anderson, 1975). 
In 1974, estimated discounts on maize screenings for the Andersons, 
F.O.B. Track, Maumee, Ohio, averaged 50 cents per bushel (Anderson, 1977). 
Bailey (1968) and Roberts (1972) reported maize screenings removed prior 
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to milling processes averaged discounts of approximately 20 cents per 
bushel. Anderson (1975) reported indirect financial losses due to 
screenings as the following: 
1. Screenings heat up and must be turned, requiring extra handling 
that costs time and energy. 
2. Screenings require extra storage space. 
3. Screenings do not completely drain from some bins. 
4. Screenings can not be handled as quickly as whole kernel grain. 
Excess broken grain is a problem in the domestic market, but, 
because of increased handling and storage time, the export market is 
much more sensitive to physical grain quality differences. Foreign 
grain users commonly complain about the inferior physical grain quality 
of U.S. maize. Hill et al. (1979) inspected three shipments of grain 
at foreign destinations and observed the grain to be one to four grades 
lower than at origin. Even though screenings were removed en route, 
BCFM was the factor responsible for the change. Most U.S. grain is 
sold "certificate final on origin grades" and no additional price dis­
counts are assessed after inspection at the time of ocean vessel loading 
(Hill, 1977a). Buyers at foreign ports can obtain individual lots of 
grain that are 10 percentage points higher for BCFM than the original 
certificate (Hill et al., 1981a). Because much BCFM is created between 
certificate issuance and foreign destination, foreign buyers build the 
anticipated loss in value into their original bid (Maywald, 1968; Hill, 
1977a). This implicit discount because of breakage susceptibility 
penalizes all producers regardless of their product quality. 
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The export market has become very economically important to U.S. 
farmers. In 1940, the U.S. produced 2,462,320,000 bushels of maize 
with 14,554,000 bushels or 0.6% being exported (USDA, 1946). In 1980, 
the U.S. produced 6,644,800,000 bushels of maize with 2,355,200,000 
bushels or 35.4% being exported (USDA, 1983). Hill (1981) states. 
If the U.S. is to maintain its present position in world 
grain exports, producers and maize breeders must take an 
active role in developing the quality of grain desired by 
processing industries at home and abroad. 
If physical quality is bad enough to lower demand of U.S. grain, then 
prices paid will decrease. 
Superior physical quality maize will be achieved primarily by 
genetic manipulation and changes in harvest and post-harvest operations 
(Hill, 1981). Before improved physical quality will have its maximum 
value, there must be an improvement in all U.S. open market maize 
(Anderson, 1975). This improved quality will arrive with the develop­
ment of a system that enables the market prices to provide appropriate 
financial incentives (Butz, 1975) . Financial adjustments must be car­
ried back to the point where inferior physical quality is caused (Hill, 
1977b). A standard methodology for measuring susceptibility 
and marketing procedures that facilitate using this evaluation will be 
a part of the system (Hill, 1981). Anderson (1975) states. 
If all in the U.S. maiza industry uniformly paid premiums 
for maize of less than average susceptibility to breakage 
out of discounts which they charge for more than average 
susceptibility to breakage, the quality and value of all 
U.S. yellow maize could be significantly improved. 
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Factors Influencing Physical Grain Quality 
Factors that influence grain quality may be divided into two basic 
categories: (1) machine parameters and (2) biological parameters. 
Machine parameters include all characteristics of mechanized devices 
used in harvesting, drying, and handling processes. Biological param­
eters include physical and morphological characteristics of both the cob 
and kernel. 
Machine parameters 
Complete mechanization of harvesting, drying, and handling of 
shelled maize has resulted in decreased physical quality of grain. 
Present processes of combine harvesting, artificial grain drying, and 
repeated handling are commonly accepted as responsible for significant 
increases in broken grain received by the ultimate user. Foster (1975) 
categorized physical damage as follows: (1) damage associated with 
harvesting, (2) damage associated with drying, and (3) damage associated 
with handling. 
Grain damage starts at the farm during harvesting operations. The 
problem of mechanical damage has been brought into focus with the use 
of harvest combines. Ayres et al. (1972) observed the average total 
visual and hidden damage of samples obtained from Iowa combines was 34.9%. 
Roberts (1972) observed samples of field harvested grain before drying 
and reported an average of 25.8% of the kernels contained stress cracks. 
Kline (1973) extensively sampled Iowa combines and found an average of 
approximately 5% visual damage and an additional 40% hidden damage. 
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Subsequent grain deterioration is dependent upon the type and magnitude 
of this initial injury (Chowdhury and Kline, 1976, 1978a; Chowdhury and 
Buchele, 1978). Balastreire et al. (1982a) reported the energy required 
to damage a kernel mechanically is substantially reduced following the 
initiation of cracks. 
Maize kernels are subjected to compression loading and impact during 
conventional combine shelling causing external and internal kernel 
damage (Chowdhury and Buchele, 1978; Chowdhury and Kline, 1978b). The 
percentage of kernels damaged by the shelling mechanism is related to 
the moisture content of the grain (Burrough and Harbage, 1953). Peplinski 
et al. (1975) reported harvest moistures of 32% caused excessive screen­
ings, germination reduction, and increased breakage susceptibility. 
The optimum harvest moisture for preservation of physical quality is 
approximately 22%, with physical damage increasing with higher or lower 
moisture contents (Hopkins and Pickard, 1953; Hall, 1968; Hall and 
Johnson, 1970; Ayres et al., 1972; Foster, 1975). Considering yield 
and grain damage, peak harvesting efficiencies are between 20 and 30% 
harvest moisture, depending on the degree of lodging (Johnson et al., 
1963). This can not always be achieved because much of the time pro­
ducers harvest according to time limitations. 
Numerous combine parameters greatly influence the physical quality 
of shelled grain. High impact of high moisture kernels on the combine 
cylinder causes considerable physical damage. Fox (1969) designed and 
developed a low impact sheller using rubber rollers instead of conven­
tional rasp-bars and concaves. The rubber roller was approximately 
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three times more effective than the cylinder in reducing damage at 30% 
harvest moisture. Brass and Marley (1973) and Jaafari (1975) developed 
modified versions of the design and reported rubber rollers produced 
50% less grain damage than conventional shellers, depending on harvest 
moisture and operating parameters. 
The major factor of conventional combines contributing to grain 
damage is cylinder speed (Byg and Hall, 1968; Waelti and Buchele, 1969; 
Brass, 1970; Jaafari, 1975). Additional contributing factors are con­
cave clearance, cylinder type, and feed rate capacity (Brass, 1970; 
Jaafari, 1975). The magnitude of initial external and internal kernel 
damage is influenced by these combine parameters. Considering the many 
forces acting on kernels, redesigning the shelling mechanism so that 
shelled kernels will exit the shelling crescent immediately will reduce 
total grain damage (Chowdhury and Buchele, 1978). 
Axial-flow, harvesting systems have been developed and designed to 
use small tangential forces to shell grain (Al-Jalil et al., 1980). 
Ears enter from one end of the rotor and progress spirally to the other 
end (Figure 1). The result of multiple passes reduces the need for 
extreme forces between rotor rasps and concaves (Quick, 1978). Murry 
et al. (1977) and Al-Jalil et al. (1980) reported a significant physical 
grain quality improvement when an axial-flow, harvesting system was used. 
Paulsen and Nave (1980) reported contradictory results, finding no 
significant differences between a conventional rasp-bar cylinder combine 




Figure 1. Harvesting system mechanisms (Murry et al., 1977) 
have been observed, one of the main selling points of axial-flow combines 
is reduced kernel damage. 
Following combine harvesting, high moisture grain bound for market 
is dried. High temperature dryers provide producers with more flexi­
bility and allow them to harvest earlier and avoid field losses. 
Increased combine damage because of high moisture harvesting is an 
indirect result of grain dryers. 
High temperature drying of high moisture maize causes the formation 
of stress cracks (Thompson and Foster, 1963; Hamilton et al., 1972; 
Foster, 1975; Peplinski et al., 1975; Shove and White, 1977; White et al., 
1982). Stress cracks are fissures in the endosperm that initiate 
internally and propagate toward the outside (Balastreire et al., 1982b). 
This internal kernel damage weakens the kernel structure and increases 
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breakage susceptiblity (Hamdy et al., 1977; Shove and White, 1977), 
Susceptibility to mechanical damage produced by drying high moisture 
shelled grain at high temperatures is more significant than that pro­
duced by combine harvesting (Hamdy et al., 1977). 
Drying rate, a function of drying temperature and air flow rate, 
is the most significant factor in stress-crack development (Thompson 
and Foster, 1963; Gustafson et al., 1978; Shove and White, 1977). Ross 
and White (1971) observed decreased stress cracking occurs as drying 
is initiated at lower moisture contents. Gustafson et al. (1981) re­
ported stress cracking increases as final moisture content decreases. 
Most stress cracks develop while grain is drying through the range of 
19 to 14% moisture (Thompson and Foster, 1963; Brekke, 1968; Foster, 
1975). Minimal stress cracking occurs above 20% moisture (Gustafson 
et al., 1978; Gustafson and Morey, 1979, 1981). Rapid cooling of dried 
corn further amplifies the presence of stress cracks (Thompson and 
Foster, 1963; Foster, 1968; Gustafson et al., 1981). Rehydration used 
to obtain optimum moisture contents in popcorn or as a tempering step 
in dry milling also increases the quantity of stress cracks (Brekke, 
1968; White et al., 1982). 
High temperature, in-storage, and batch drying methods control 
spoilage, but destroy physical grain quality. Low temperature in-storage 
drying methods result in physically superior grain, but, because drying 
is slower, spoilage can be a problem (depending on initial moisture and 
harvest damage) (Tuite and Foster, 1979). Continuous-flow drying systems, 
classified according to the flow of grain and air (cross flow, counter 
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flow, and concurrent flow), are commonly used systems that have been 
found to have various effects on physical grain quality. Cross-flow 
dryers move air perpendicular to a column of grain subjecting the 
grain mass to a wide variation of drying conditions. Large differences 
in breakage susceptibility are developed across the column (Gustafson 
and Morey, 1981). Counter-flow dryers move air and grain in opposite 
directions subjecting the driest kernels to maximum air temperatures. 
Concurrent-flow dryers move air and grain in the same direction subject­
ing only the wettest grain to maximum air temperatures. Bakker-Arkema 
et al. (1972), Gygax et al. (1974), and Bakker-Arkema et al. (1977) 
reported concurrent-flow dryers produce grain of high physical quality. 
Bakker-Arkema et al. (1977) also reported the concurrent-flow dryer 
to be energy efficient. 
Emphasis on physical grain quality has prompted agricultural engi­
neers to research and develop drying systems that deliver a high quality 
product. The physical quality of artificially dried grain can be en­
hanced by eliminating over-drying and by using a tempering period to 
delay the cooling of hot grain (Foster, 1965; Gustafson and Morey, 1979). 
Grain-drying research conducted at Purdue University under the general 
direction of George H. Foster from 1960 through 1972 was directed at 
enhancing physical grain quality of maize. This research resulted in 
concurrent-flow drying and dryeration that yielded positive grain quality 
aspects. Dryeration is a process that involves high-speed drying, a 
tempering period, and slow cooling which is readily adaptable to either 
continuous-flow or batch dryers (McKenzie et al., 1967). Dryeration has 
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proved to reduce substantially the brittleness of heat-dried maize 
(Foster, 1977; Brown et al., 1979; Gustafson et al., 1982). 
High-speed drying will produce stress cracks, but low-speed drying 
can allow the development of molds (White and Ross, 1970). Stroshine 
et al. (1981) proposed that genotypes resistant to fungal invasion would 
be valuable in such slow-drying systems. Guidelines for mold control 
in high moisture maize advise wet grain be dried to 12 to 14% moisture 
immediately following harvest (USDA, 1968). This guideline for spoilage 
control obviously is not a guideline for reduction of break suscepti­
bility. Drying relationships need to be utilized that minimize physical 
and biological damage and increase the overall value of the ultimate 
product (Ross and White, 1971). 
After grain is dried, it is stored or transported. Transportation 
vehicles include trucks, rail cars, barges, and cargo ships. Because 
no provision for aeration is provided during transport, the length of 
transport period influences problems associated with the storage of 
physically damaged grain. Dehoff et al. (1982) sampled 12 barges and 
found a wide range of breakage susceptibility. It was postulated that 
different drying and storage practices, weather variability, and vari­
eties were responsible for this wide range. Bilanski (1966) also 
reported breakage susceptibility is influenced by the history of the 
grain. 
The transportation process involves multiple grain transfers. 
From the time of harvest until delivery to domestic or foreign markets, 
grain may be handled as many as 20 times (Hill et al., 1979). 
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Multiple handlings increase the amount of BCFM, which is the most 
important cause of a drop in grade (Hill et al., 1979). The increase 
of BCFM is influenced by the following factors: (1) gentleness of 
handlings, (2) temperature and moisture content of grain, and (3) break­
age potential of grain depending on stress crack formations, previous 
physical damage, and varietal differences (Paulsen and Hill, 1977). 
Grain breakage is cumulative and remains constant over consecutive 
handlings regardless of whether or not the broken material is removed 
(Foster and Holman, 1973). Increased grain breakage with each successive 
handling operation indicates that reducing the number of grain transfers 
between harvest and final destination would provide the consumer with 
higher quality maize products. 
Handling operations use equipment such as screw conveyors, vertical 
bucket elevators, drop spouts, and grain throwers (Hall, 1974). 
Different stress factors associated with these various pieces of equip­
ment influence physical grain damage. High velocity impact is the most 
important factor causing increased grain breakage during handling 
(Fiscus et al., 1971; Sands and Hall, 1971; Keller et al., 1972; Chung 
et al., 1973). Ditzenberger (1972) and Stephens and Foster (1977) 
reported that flow-retarding devices reduce handling damage. Foster 
(1972) reported that increased breakage results from greater drop 
heights. The amount of breakage from varying drop heights is greater 
with grain impacting on concrete than with grain impacting on grain 
(Fiscus et al., 1969; Foster and Holman, 1973). Running augers at less 
than full capacity significantly increases grain breakage (Sands and 
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Hall, 1971; Ditzenberger, 1972; Hall, 1972, 1974). Handling grain at 
low moisture and temperature levels results in high levels of physical 
damage (Fiscus et al., 1969, 1971; Foster, 1972). 
Machine factors that promote physical grain quality deterioration 
are: (1) high moisture harvesting, (2) high-impact shelling forces, 
(3) heated-air drying, and (4) numerous handlings of grain in marketing 
channels (Kline, 1972, 1973). Most of the physical damage of commercial 
grain supplies is attributed either directly or indirectly to harvesting, 
drying, and handling processes (Freeman, 1973). All of these processes 
contributing to quality deterioration illustrate that breakage of maize 
grain can be reduced at almost every point in the marketing channel. 
Reducing this deterioration incurs a cost of time, handling speed, or 
equipment (Hill and Paulsen, 1977). 
Biological parameters 
Agricultural engineers conduct much research to design and develop 
machinery that will improve the physical quality of grain. Another 
less researched approach is to develop a tougher, more pliable, breakage-
resistant material via genotype modification. This approach would 
reduce the cost of time, handling speed, and equipment used to reduce 
grain deterioration via machinery modifications and would improve 
general product quality. 
Various kernel characteristics have been reported to influence 
grain breakage and potential grain breakage. Pericarp thickness has 
been inconsistently observed to affect grain damage. Jennings (1974) 
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found no conclusive evidence that pericarp thickness had any effect 
on physical kernel quality. Mahmoud and Kline (1972) reported pericarp 
thickness was highly correlated with internal damage caused by Indirect 
impact, but had no influence on external damage caused by direct impact. 
Helm and Zuber (1972) found high heritabilities for pericarp thickness, 
concluding that simple selection procedures would be efficient for 
pericarp modification. Large kernel size is another factor that has 
been observed to increase mechanical damage susceptibility (Koehler, 
1957; Jennings, 1974; Jindal et al., 1979). 
Ease of shellability, cob size, and cob morphology have been re­
ported to influence mechanical damage in maize. Agness (1968) reported 
small varietal differences for combine damage that were the result of 
shellability ease. Hall (1968) reported a minimum damage level was 
represented by an easy-shelling variety as compared with a hard-shelling 
variety. Waelti (1967) utilized multiple regression to examine the 
influence of cob and kernel parameters on physical grain quality. 
Primary parameters contributing to grain damage were kernel detachment 
force, initial and final kernel thickness (kernel deformation), and 
cob strength. Knowledge of the influence of such parameters on shell­
ing -damage should be useful for selecting parents for hybrid combination., 
Sehgal and Brown (1965) evaluated cob morphology and the relation 
to combine damage. Resistance to cob splitting was observed to be an 
important trait influencing physical damage of combine-harvested grain. 
Hard-shelling cobs caused increased cob splitting and mechanical kernel 
injury. Combining quality determination was a function of rachillae 
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length and thickness, rachis-pith ratio, and development of interrow 
tissue. Cob quality was found to be highly heritable and exhibited 
partial dominance. Because inbreds contribute cob quality to correspond­
ing hybrids and cob quality is easily determined by morphological methods, 
it is possible to predict accurately the combining quality of hybrid 
combinations. 
Physical grain quality is influenced by morphological traits. 
Success of indirect selection based on these morphological traits to 
obtain a correlated decrease in breakage susceptibility would depend 
on the magnitude of the correlation (Falconer, 1981). Direct selection 
for decreased susceptibility to grain breakage would be based on measure­
ments implementing grain breakage testers. Genetic progress from selec­
tion is possible only if genetic variability exists, with the efficiency 
of selection depending on the magnitude of heritability• 
Duncan et al. (1972) and Jennings (1974) reported visible damage 
and breakage susceptibility of widely grown single-cross hybrids varied 
significantly among genotypes. Selection of parental lines to contribute 
physical quality to hybrids was proposed because of evidence that cer­
tain inbred parents were associated with poor physical grain quality 
in hybrid combinations. 
Cloninger et al. (1975) evaluated four commercial hybrids for 
breakage susceptibility and found significant differences among the 
entries. Increased plant densities enhanced these varietal differences. 
Chowdhury and Kline (1978a) reported maize varieties affect the propor­
tions of external and internal damage. Ochieng (1981) observed 
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significant variation among inbred lines for kernel breakage and kernel 
hardness. Paulsen et al. (1982) reported significant differences among 
commonly grown Corn-Belt genotypes for breakage susceptibility using 
centrifugal impaction. Russell and Devey (1978) evaluated 40 single-
cross hybrids composed of 10 inbred lines crossed with each of four 
inbred testers (B73, B37, M017, and Va 26). Differences among hybrids 
were highly significant for breakage susceptibility. 
Johnson and Russell (1982) evaluated 80 random inbred lines derived 
from the Iowa Stiff Stalk Synthetic and 40 single-cross hybrids produced 
from pair-wise matings of the 80 inbred lines. Differences among inbreds 
and hybrids were highly significant for the physical quality traits, 
endosperm type, breakage susceptibility, and total combine breakage. 
Heritability estimates (entry mean basis) of 0.84, 0.82, and 0.77 were 
found for endosperm type, breakage susceptibility, and total combine 
damage, respectively. Breakage-resistant genotypes generally had 
smaller, flinty-type kernels. A restricted selection index was pro­
posed to improve resistance to kernel breakage and control seed size. 
Endosperm type of the parent, because of its ease of evaluation, was 
proposed to predict resistance to breakage in hybrids (r=0.34). 
Loesch et al. (1977) reported kernel hardness heritability esti­
mates of 0.77 and 0.88 for two groups of 100 S2 families of BSBB o2/o2. 
suggesting that selection could be effective in this synthetic. Kernel 
hardness inheritance was reported to be controlled mainly by additive 
genes, but maternal effects also influenced the expression of endosperm 
type. 
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Decreasing physical grain damage via genotype modification has been 
minimal because the inheritance has not been fully investigated. Also, 
the absence of financial incentives to improve physical quality in 
the U.S. does not warrant emphasizing this trait. Less progress would 
be made for traits of primary economic importance such as moisture, 
lodging, and yield if physical grain quality was also included as an 
equal selection criterion. Smith et al. (1981) reported selection based 
on K traits, given equal weight, is only 1//K times as large as progress 
based on selection for one trait. Although selection for superior 
physical quality is not a common practice, many breeders apply weak 
selection pressure by selecting against soft, deep-dent genotypes. 
Argentine farmers produce grain that resists breakage under the 
stress of harvesting, drying, and handling. Because of this, Argentine 
grain of the same grade outsells U.S. maize in the foreign market by 
several cents per bushel (Reagan, 1981). Breeders in Argentina work 
closely with flint germplasm, which in general is more resistant to 
physical damage than is U.S. cornbelt dent germplasm. However, dent 
germplasm has proved to be superior over flint germplasm for yielding 
ability, the primary concern of U.S. farmers. Argentine breeders now 
feel they have reached a yield plateau using flint germplasm and are 
considering introducing U.S. combelt dent germplasm with the objectives 
of maintaining physical quality and boosting yields (A. R. Hallauer, 
Dept. of Agronomy, Iowa State University, personal communication, 
June 16, 1981). 
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Methods of Evaluating Physical Grain Quality 
Evaluation of physical grain quality can be classified into two 
categories: (1) evaluation of actual grain breakage and (2) evaluation 
of potential grain breakage. Actual grain breakage is external damage 
consisting of pericarp abrasion, chipped kernels, broken kernels, or 
anything less than whole kernels. Potential grain breakage is the 
breakage susceptibility of the grain, which is dependent upon the physi­
cal condition of kernels. This physical condition is determined by 
internal damage, pliability, and toughness of kernels. 
Methods of measuring actual grain breakage 
Numerous methods of measuring actual grain breakage have been 
developed, researched, and implemented. These various methods have 
resulted out of the need for specific tests to effectively evaluate 
harvesting and handling equipment and procedures. Genotype evaluation 
has also required specific evaluation techniques. 
Specific objectives of researchers and the purpose for determining 
actual grain breakage determine whether a kernel is considered damaged 
or not. Kaminski (1968) illustrates this philosophy by relating the 
effects of damage to physical grain quality for different users. Grain 
producers are allowed 3.0% BCFM without any penalties under the U.S. 
Grades and Standards. This leniency is not allowed for grain processed 
in wet or dry milling industries. Because of these specific needs, 
there are numerous methods of measuring actual grain breakage. 
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Sieving Round-hole sieves have been used extensively to deter­
mine the amount of broken kernels. Hall (1968) used 4.76 mm and 5.95 mm 
diameter, round-hole sieves to measure grain breakage in an evaluation 
of a combine cylinder and an axial-flow cage sheller. Dehoff et al. 
(1982) evaluated various barge shipments for grain breakage using a 
4.76 mm diameter, round-hole sieve. Russell and Devey (1978) and Johnson 
and Russell (1982) implemented a 4.76 mm diameter, round-hole sieve to 
determine genotypic differences for kernel breakage imposed by a cutting-
action, breakage device. Paulsen et al. (1982) determined genotypic 
differences for kernel breakage imposed by a centrifugal-impaction 
breakage device using a 5.95 mm diameter, round-hole sieve. 
The U.S. Grades and Standards use a 4.76 mm diameter, round-hole 
sieve to determine the amount of BCFM. Because large broken kernels 
remain on top of the sieve, the numerical grade is not based on total 
grain breakage. Hill et al. (1981b) reported that sieving can not 
successfully separate whole and broken kernels because the categories 
overlap. However, sieving determination has the vital advantages of 
being fast, easy, and inexpensive. 
Visual inspection Visual inspection is commonly used to measure 
mechanical injury of grain in research activities. The primary advan­
tage of this procedure is that individual kernels are observed without 
being obscured by the total grain mass. The primary disadvantage of 
this procedure is the long length of time required, with human fatigue 
influencing results. Schmidt et al. (1968) reported a major source of 
variation was among evaluators due to subjective judgment. 
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Technique modifications were developed because of the time involved, 
inconsistent results, and difficulty of making visual examinations. 
Koehler (1957) effectively determined seed coat damage in maize using 
a Fast-Green dye treatment. The stain adhered only to ruptured areas 
of the pericarp and allowed more efficient visual inspection. Schmidt 
et al. (1968) reported the dye treatment allowed more damage detection, 
but the precision was not improved. 
Visual observations are concerned only with the quantitative level 
of kernel damage when kernels are classified as either damaged or sound 
with no consideration given to the damage severity. Because kernel 
damage ranges from small pericarp abrasions to complete kernel crushing, 
some researchers have divided damage into different severity classifica­
tions. Brass (1970) separated kernel damage into four qualitative 
categories: (1) severe damage, (2) embryo damage, (3) crown damage, 
and (4) pericarp damage. Chowdhury and Buchele (1975) separated kernel 
damage into five classes for qualitative evaluation: (1) broken kernels 
and kernel fragments that pass through a 4.76 mm diameter, round-hole 
sieve, (2) severe damage, (3) major damage, (4) minor damage, and (5) 
whole kernels. Although qualititative classification provided a better 
description of mechanical damage, human fatigue and subjective judgment 
influenced results. 
Numerical damage index Chowdhury and Buchele (1976b) developed 
a numerical damage index based on damage severity and kernel germin-
ability. Grain samples were stained with Fast-Green FCF dye and classi­
fied into five qualitative categories with a relative weight assigned 
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to each category based on kernel germinability. These categories and 
relative weights were as follows: 
= Broken kernels and kernel fragments that pass through a 4.76 
mm diameter, round-hole sieve. 
= 10 
Dg = Severe damage—more than one-third of the whole kernel is 
missing. 
= 10 
D„ = Major damage—open cracks and severe pericarp damage. 
= 6 
D, = Minor damage—hairline cracks and minor pericarp damage. 
= 2 
Dg. = Whole kernels. 
^ = 1 
The damage index developed was: 
, , + '2^2 + + "A + Vs 
Damage Index  ^
In this equation, d^  represents the percentage weight of the correspond­
ing category. 
Quantitative and qualitative grain damage can be determined using 
this damage index. Alternative damage indexes can be developed for 
specific purposes using different biological properties. 
Carbon dioxide production Saul and Steele (1966), Steele (1967), 
and Steele et al. (1969) researched the effect of mechanical grain 
damage on the respiration of a grain mass. The bases of these studies 
were the following relationships: 
1. Carbon dioxide evolution of a grain mass is an indication of 
the total biological activity, including respiration of the 
grain and accompanying microorganisms. 
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2. Loss in dry matter or grain deterioration is a function of 
biological activity. 
Because of these relationships, grain deterioration is directly propor­
tional to respiration of the grain and accompanying microorganisms. 
These researchers reported grain deterioration is a function of kernel 
damage and environment. Steele (1967) used carbon dioxide production 
as a grain damage index. This procedure yielded relatively consistent 
results, but required considerable time and specialized equipment. 
Colorimetric system Chowdhury and Buchele (1976a) originally 
developed a colorimetric system to measure mechanical grain damage of 
maize. The system was developed on the assumption that the amount of 
kernel damage is directly proportional to the exposed kernel tissues. 
Chowdhury (1978) developed a refined technique. A grain sample was 
treated for one minute with a Fast-Green FCF dye that selectively 
adhered to the exposed tissues of the kernel. The treated sample was 
rinsed with water for 30 seconds to remove excess dye from the pericarp. 
After rinsing, dye was removed from the damaged sections by soaking 
the sample in a measured amount of dye extracting solution (NaOH) for 
one minute. A simple colorimetric technique was then used to measure 
the concentration of the extracted dye solution. This colorimetric 
system was reported to be independent of variety, moisture, and tempera­
ture; free of human judgment error; and rapid, simple, inexpensive, and 
sensitive enough to satisfy a wide range of specific needs. 
Photoelectric system Christenbury and Buchele (1977) developed 
a photoelectric system to measure mechanical grain damage of maize. 
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The system was developed on the same assumption as the colorimetric test; 
the amount of kernel breakage is directly proportional to the amount of 
exposed kernel tissue. A grain sample was treated with a fluorescent dye 
that selectively combined with the protein of the exposed endosperm and 
embryo. The dyed sample was ground in a Wiley Mill to produce uniform 
particle size. This uniform field was radiated with ultraviolet light 
and the induced fluorescence was measured with a photodetector. The 
recorded fluorescence increased linearly with increased percent damage 
of artificially prepared samples. Accuracy of the procedure was proved 
2 
with a coefficient of determination of R =0.97. 
The above grain breakage evaluation techniques have advantages and 
disadvantages. Numerous methods have been developed and many are unable 
to differentiate consistently among damage levels. This multitude of 
techniques to determine grain breakage has resulted mainly from the 
need to meet specific objectives. 
Methods of predicting resistance to physical damage 
Numerous devices have been developed to predict grain breakage 
caused by handling procedures in marketing channels. These various 
devices have resulted from the need for tests to evaluate effectively 
genotypes, harvesting equipment, harvesting procedures, drying systems, 
and drying procedures. There is also a need to develop a standard test 
to evaluate breakage susceptibility for eventual implementation into 
the grain-marketing industry. 
Stein breakage tester McGinty (1970) evaluated a Cargill grain 
breakage tester. Model No. 2, and a Stein grain breakage tester. Model 
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CK-2. The Stein CK-2 breakage tester was reported to be superior because 
of the simple design, ease of operation, and steep breakage-tendency 
curve allowing good readability. Emphasis of the test was on breakage 
tendency, allowing an estimate of future breakage in marketing channels. 
The standard procedure used was as follows: (1) a 100-gram grain sample 
was subjected to impact by an impeller rotating at approximately 1800 
r.p.m. for 2 minutes, (2) the treated sample was screened over a 4.76 
mm diameter, round-hole sieve, and (3) breakage tendency was reported 
as the percentage of fine material passing through the sieve. McGinty 
and Kline (1972) reported that results of this test vary with moisture 
content, temperature, and variety. 
Breakage test results using the Stein CK-2 tester were found to 
be repeatable (McGinty, 1970; Miller et al., 1979a). Stephens and 
Foster (1976) reported the Stein CK-2 breakage tester successfully 
predicted relative differences of actual handling breakage of various 
grain lots. Duncan et al. (1972), Jennings (1974), Cloninger et al. 
(1975), Russell and Devey (1978) and Johnson and Russell (1982) imple­
mented the Stein breakage tester to screen genetic material for suscep­
tibility to grain breakage. 
Herum and Blaisdell (1981) reported the Stein CK-2 breakage test 
to be insufficiently severe to differentiate between breakage levels 
of grain exhibiting low breakage susceptibilities. For this reason, 
many researchers run the test for more than two minutes. Miller et al. 
(1981a) researched several modifications of a Stein CK-2 breakage tester. 
Use of the modified device doubled breakage and shortened the time 
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required to determine breakage percentage. Modifications consisted 
of thicker, longer, and harder blades, improved impeller assembly, and 
a greater diameter stainless steel cup. The Stein CK-2M breakage 
machine has these modifications incorporated. 
Wisconsin breakage tester An impact breakage device developed 
by Professor Marshall Finner, Agricultural Engineering, University of 
Wisconsin, has been chosen by the NC-151 committee for eventual commer­
cialization (Watson, 1982). This Wisconsin breakage tester is a cen­
trifugal impeller that randomly throws kernels against a steel cylinder. 
Cooke and Dickens (1971) reported a centrifugal gun provided a satis­
factory means for imparting uniform seed velocities. Sharda and Herum 
(1977) reported a centrifugal impeller exhibited greater sensitivity 
to damage susceptibility than did the Stein breakage tester. Herum and 
Blaisdell (1981) studied the effects of moisture content and test vari­
ables on results with Stein CK-2, Stein CK-2M, and centrifugal impeller 
breakage testers. The centrifugal impeller that discharged kernels 
singly against a steel cylinder was less sensitive to moisture content. 
Greater breakage was induced with this device demonstrating more capacity 
to differentiate among damage levels of high moisture samples. The 
substantial effect of moisture content on breakage susceptibility re­
quires moisture corrections to be applied to test results. Grain 
breakage produced by a centrifugal impeller is primarily due to impac­
tion on a surface while grain breakage produced by a Stein tester is 
primarily due to the cutting action of the blades. 
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Impact parameters Impact parameters have been related to 
physical kernel damage. Zoerb and Hall (1960) reported that increased 
kernel moisture content increased the energy required to rupture kernels 
by means of a single pendulum shearing device. Bilanski (1966) researched 
energy requirements to rupture kernels by means of a low velocity (single 
pendulum) and a high velocity (rotating paddle) shearing device. Kernel 
moisture, size, and position were primary factors influencing energy 
required to rupture kernels. Srivastava et al. (1976) reported that 
energy absorbed per unit area in longitudinal shearing impact correlated 
with breakage in the Stein breakage test. Mensah et al. (1976) and 
Mensah et al. (1981) evaluated a test apparatus that sheared a kernel 
to failure, and observed differences in resistance to impact damage 
among three hybrid entries. This procedure was proposed as an aid to 
genetic selection. 
Miscellaneous testers Miller et al. (1979b, 1981b) evaluated 
a grain accelerator that impacted grain against grain. Miller et al. 
(1981b) concluded that grain breakage increased with decreasing tempera­
ture and moisture content, small kernels were more resistant to breakage, 
and samples of U.S. No. 2 yellow corn differed widely in breakage 
susceptibility. Breakage susceptibility values obtained with the grain 
accelerator correlated highly with those obtained with a Stein CK-2 
breakage tester. Keller et al. (1972) evaluated a pneumatic breakage 
system that accelerated grain onto an impact surface. Thompson and 
Foster (1963) reported on a candling method for determining stress cracks 
in individual kernels. Quantification of stress cracks was reported 
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to be a determination of potential breakage because stress cracks induced 
during harvesting and drying influence grain breakage in subsequent 
handling operations. 
Numerous methods to evaluate grain breakage susceptibility have been 
developed because no single measure satisfies all different interest 
groups. Each segment of the maize marketing industry has a specific 
set of beneficial physical quality factors because of the various ulti­
mate product uses. The Immediate problem is the absence of a standard 
definition of physical damage susceptibility that relates to the quality 
problem. 
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PART I. EVALUATION OF PHYSICAL GRAIN QUALITY 
CHARACTERISTICS OF SI AND S2 LINES DERIVED 
FROM BS17 AND BS1(HS)C1 
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INTRODUCTION 
Analyses of variance have been used extensively by plant breeders 
to obtain much information about genotypes. When genotypes are evaluated 
over environments, the significance of genetic variance among genotypes 
(Vg) is tested against non-genetic variance among genotypes — 
genotype-by-environment interaction variance; —error variance). 
Genetic variance is essential for selection to result in genetic gain. 
Estimates of illustrate how genotypes respond to different environ­
ments and can be used to determine the number of environments required 
to effectively evaluate the trait in question. The magnitude of vari­
ance components for the main effect (V^ ) compared to the magnitude of 
the variance components for the interaction (V^ g) demonstrates the rela­
tive importance of the components for traits evaluated. Variance com-
2 ponent heritability (h ) estimate is another important parameter derived 
from the combined environment analysis of variance of lines derived 
from the same source population. Heritability estimates indicate the 
probability of genetic gain from selection for the trait in question. 
Correlations among traits of genotypes in the same generation, 
evaluated in the same environment, are the sum of genotypic and environ­
mental correlations. Genotypic correlations are primarily the result 
of pleiotropy, which arises when a gene affects two or more chracters 
(Falconer, 1981) . Pleiotropic correlations are the net effect of all 
segregating loci that affect both characters. 
The specific objectives of this section were: 
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1) To evaluate the genetic variability of physical grain charac­
ters in two important breeding synthetics; 
2) To determine the effect of environmental differences on evalu­
ation of physical grain quality characters; 
3) To determine the probability of genetic gain for physical 
grain quality characters; 
4) To correlate physical grain quality characters to understand 
better how various characters contribute to total physical 
grain quality; and 
5) To evaluate possible techniques to enable the breeder to rapidly 
screen for physical grain quality during the early inbreeding 
process in the development of inbred lines. 
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MATERIALS AND METHODS 
Plant Materials 
The genetic materials utilized in this study were maize populations 
BS1(HS)C1 and BS17. These breeding populations were developed from 
materials in basic breeding research studies at Iowa State University. 
Both populations provide the breeder with excellent sources for the 
development of inbred lines adapted to the central U.S. Com Belt. 
The BSl synthetic was developed by crossing Iowa Two-Ear Synthetic #1 
C2 (BSIO) and Iowa Corn Borer Synthetic #3 (BSCB3) and random mating for 
two generations. BSIO was developed by intermating 10 inbred lines to 
provide a germplasm source for two-ear lines with good combining ability 
(Russell et al., 1971). The parental inbred lines developed two ears 
per plant in favorable environments. BSCB3 was developed by intermating 
inbred lines to produce a germplasm source for resistance to first-
generation European corn borer (Ostrinia nubilalis Hubner) (Russell 
et al., 1971). The parental inbred lines had intermediate to excellent 
first-generation European com borer resistance. Hallauer and Sears 
(1968) reported that both BSIO and BSCB3 had above-average general com­
bining ability and varietal performance for yield in a diallel study of 
synthetics. Russell and Machado (1978) used BSl as a source population 
for a breeding methods study in the development of inbred lines. Based 
on the results of this study, 16 F6 lines were selected for high grain 
yield, root strength, and stalk strength in testcrosses and were recom-
bined to give BSl(HS)Cl (Russell, 1979). 
42 
Synthetic BS17 was developed by intermating six versions of Iowa 
Stiff Stalk Synthetic (BSSS). The six versions were: one BSSSC3 
selected for resistance to stalk rot and first-generation European com 
borer; a second BSSSC3 selected for root strength and tolerance to 
western com rootworm (Diabrotica virgifera. Le Conte), northern com 
rootworm (^ . longicornis. Say), and southern corn rootworm (D. undecim-
punctata howardi. Barber); BS13(S2)C2 developed by seven cycles of 
recurrent selection with Ial3 as a tester, (BSSSCHT)C7), followed by two 
cycles of S2 line selection with grain yield and resistance to root and 
stalk lodging as primary selection criteria in all cycles and resistance 
to first-generation European com borer as an additional selection cri­
terion in the last two cycles; BSSS(R)C7, BSSS(S1)C3, and BSSS(S2)C2, 
all three selected primarily for grain yield and root and stalk strength 
(Russell, 1979). 
From both BS17 and BS1(HS)C1 populations, ear and grain samples 
from the following materials were studied: (1) selfed SO plants, (2) 
selfed SI plants, (3) open-pollinated SI lines, and (4) open-pollinated 
S2 lines. Pedigrees and entry numbers for these groups of materials are 
listed in Appendix Tables A1 to A4. The pedigree represents plot origin, 
endosperm type, and ear designation. Endosperm type is designated on 




Line development for BS17 and BS1(HS)C1 was initiated in 1978 and 
1979, respectively, at the Iowa State University Agronomy and Agricul­
tural Engineering Research Center near Ames, Iowa (Ames). Plots of 350 
and 500 seeds were planted for BS17 and BS1(HS)C1, respectively. All 
plants were self pollinated and all ears were hand harvested. On the 
basis of acceptable seed number and endosperm type, 100 ears from each 
population were saved. Seed number was considered to allow enough seed 
for testing kernel shear strength and for planting nursery rows and 
replicated experiments the following season. Endosperm type was con­
sidered to obtain a range of flint to dent types with an acceptable 
number of ears assigned to each of five endosperm classifications. All 
self-pollinated ears were dried in a forced-air dryer at approximately 
38°C for seven days. 
The 100 BS17 and 100 BS1(HS)C1 Si lines were grown in the 1979 and 
1980 Ames breeding nurseries, respectively. Random plants were self-
pollinated within each row and a single ear was harvested from every 
row on the basis of acceptable seed nimber (BS17 had five Si lines 
with no acceptable pollinations for harvest). Again, seed number was 
considered to allow enough seed for testing kernel shear strength and 
for planting replicated experiments the following growing season. All 
self-pollinated ears were dried in a forced-air dryer at approximately 
38°C for seven days. 
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These procedures resulted in the development of 100 BS17 SI lines, 
95 BS17 82 lines, 100 BS1(HS)C1 SI lines, and 100 BS1(HS)C1 S2 lines for 
evaluation of plant and grain characters. 
Evaluations of SI and S2 lines from BS17 were conducted in 1979 and 
1980, respectively, and of 81 and S2 lines from B81(HS)C1 in 1980 and 
1981, respectively. Each experiment was arranged in a randomized com­
plete block design with three replications. Experimental units were 
single-row plots with 17 hills per row. Rows were spaced at 76.2 cm 
and were 4.1 m long with a 25.4-cm hill spacing. Two kernels were planted 
per hill and all hills were thinned to a single plant at approximately 
the 5-leaf stage to give a final plant density of approximately 43,915 
plants per hectare. Adequate fertility and chemical, mechanical, and 
hand-weed control were agronomic practices followed for all experiments 
to promote high productivity. 
Experiments 79517, 79617, 80517, 80617, 80520, 80620, 81520, and 81620 
The 81 and S2 lines from BS17 and from BSl(HS)Cl were grown at Ames 
and the I8U Research Center near Ankeny, Iowa (Ankeny). A listing of 
experiment numbers used to describe growing seasons, source populations, 
locations, and line generations is provided in Table 1. 
Each plot was harvested with a Model 205 Massey-Ferguson, two-row 
combine. A sample of approximately 600 g of shelled grain was collected 
from each plot and later weighed for an exact amount of 600 g. An 
exception to this procedure occurred for experiment 81620 at Ankeny in 
1981. Because the Massey-Ferguson combine was not available, ears in 
45 
Table 1. Listing of experiment numbers used to describe growing seasons, 
source populations, locations, and line generations 
Experiments Source Line 
Year Test population Location generation 
79 517 BS17 Ames SI 
79 617 BS17 Ankeny SI 
80 517 BS17 Ames S2 
80 617 BS17 Ankeny S2 
80 620 BS1(HS)C1 Ames SI 
80 620 BS1(HS)C1 Ankeny SI 
81 520 BS1(HS)C1 Ames S2 
81 620 BS1(HS)C1 Ankeny S2 
in each plot of S2 lines derived from BS1(HS)C1 were hand harvested. 
The ears were shelled by a custom-built combine with a Model 602 Ford 
picker-sheller harvesting mechanism and cylinder action. Samples of 
grain were collected as described previously. 
The shelled grain samples were dried in a forced-air dryer at 
approximately 66°C for three days. Immediately following drying, the 
samples were placed in cold storage (10°C and 50% humidity) until grain 
trait evaluations were conducted. This drying-cooling procedure 
resulted in all samples reaching an equilibrium moisture of approximately 
10%. 
Experiments 79518, 80518, 80521, and 81521 
The Si and S2 lines from BS17 and from BS1(HS)C1 were grown only 
at Ames. Ears in each plot were hand harvested and dried in a forced-
air dryer at approximately 66°C for three days. A listing of experiment 
numbers used to describe growing seasons, source populations, and line 
generations is provided in Table 2. 
46 
Table 2. Listing of experiment numbers used to describe growing seasons, 
source populations, and line generations 
Experiments Source Line 
Year Test population generation 
79 518 BS17 SI 
80 518 BS17 S2 
80 521 BS1(HS)C1 SI 
81 521 BS1(HS)C1 S2 
Plant and Grain Measurements 
Single ear evaluations 
The following traits were measured for the ears and seed from the 
self-pollinated SO and Si plants of both populations: 
(1) Visual endosperm rating (RATE)—Ears were scored on the basis 
of relative endosperm type of the grain by using a scale of 
1 to 5. The scale was as follows: 
1 = complete flint - no visual denting 
2 = incomplete flint - many kernels showing shallow denting 
3 = moderate dent - all kernels dented but no crown shriveling 
4 = full dent - all kernels deeply dented with moderate crown 
shriveling 
5 = extreme dent - all kernels deeply dented with extreme 
crown shriveling 
(2) Shear strength (SHR)—Two 6-g samples of seed from each ear 
were subjected to a L.E.E.-Kramer shear press machine that 
measured the shear strength of the grain by crushing the 
kernels through a parallel bar grid. Calibrations were stan­
dardized, using the same procedures for all materials evaluated. 
The force required to crush the grain samples was measured in 
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kilograms. Shearing force is a measure of kernel hardness 
confounded by other physical traits. 
A llstinj' of abbreviations used to describe tlieso traits is provldinl 
in Table 3. 
Experiments 79517, 79617, 80517, 80617, 80520, 80620, 81520, and 81620 
The following traits were measured for the grain samples from the 
SI and 82 lines of both populations: 
(1) Shear press (SHR)—A 6-g sample of grain from each plot was 
tested as described previously. 
(2) Harvest moisture (H20) —Harvest moisture was determined on a 
wet weight basis. Sanples containing 10% moisture were used 
as the dry weight; consequently, harvest moisture determination 
was calculated using the following equation: 
Moisture % = j^ wet weight - ^ ry^ weight^ - 0.1(dry weight)^ ^^  ^
where: wet weight = weight of undried grain sample, and 
dry weight = weight of dried and cooled grain sample 
containing 10% moisture. 
(3) Stein breakage test (BRK)—Shelled grain samples at 10% mois­
ture were subjected to injury with a Model CK-2 Stein breakage 
tester. The Stein tester is composed of a metal cylinder 
enclosing two metal blades set at 45° angles, rotating at 
1750 rpm. A 100-g sample was introduced into the device that 
was allowed to operate for four minutes. The damaged sample 
was then screened with a 4.76 inm round-hole sieve. Fine 
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Table 3. Listing of abbreviations and their descriptions for plant and 
grain traits for all genetic materials 
Abbreviation^  Description 
RATE Visual endosperm rating (1-5) 
SHR Shear strength (relative measure) 
H20 Harvest moisture (%) 
BRK Stein breakage test (%) 
WT 300-Kernel weight (gm) 
VOL 300-Kernel volume (ml) 
DEN Kernel density (g/ml) 
DATE Days to 50% pollen shed from July 1 
A^bbreviations will be used to describe plant and grain traits in 
subsequent tables and text. 
material and damaged kernels were reported as the percent 
breakage. This breakage included damage caused by combine 
harvesting. Stein breakage data were transformed using the 
arcsine transformation to, approximate a normal distribution. 
Means are reported as actual data .(percentage breakage), but ail 
analyses employed transformed data (arcsine transformation of 
percentage non-breakage). Correlation coefficients refer to 
relationships between the amount of grain breakage and other 
traits. 
(4) 300-Kernel weight (WT)—Samples of 300 whole kernels were 
counted and weighed in grams. 
(5) 300-Kernel volume (VOL)—Samples of 300 whole kernels, which 
were counted and weighed in (4), were used for volume 
determination. Samples were immersed into water and volume 
was determined by the milliliters of water displaced. 
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(6) Kernel density (DEN)—Kernel density was determined by using 
the following calculation: 
_  ^.. _ weight of 300 kernels 
y volume of 300 kernels 
A listing of abbreviations used to describe these grain traits is 
provided in Table 3. 
Experiments 79518, 80518, 80520, and 81521 
The following plant and grain trait values were determined for the 
SI and S2 lines of both populations: 
(1) Visual endosperm rating (RATE)—Ears were scored on the scale 
previously described. A plot score was given based on visual 
examination of all plot ears. 
(2) Date of anthesis (DATE)—Date of anthesis was recorded as the 
number of days from July 1 to the date when 50% of the plants 
in a plot were shedding pollen. 
A listing of the abbreviations used to describe each plant and grain 
trait is provided in Table 3. 
Statistical Procedures 
Analysis of variance and covariance 
An analysis of variance of a single environment was performed for 
each of the eight plant and grain characters using the following linear 
model: 
Y.. = u + R. + G. + e.. 
ij 1 J ij 
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where : 
i = 1, 2, 3; j = 1, ..., 100 (except j = 1, ...,95 for BS17 S2 
lines at Ames and Ankeny, experiments 80517, 80518, and 80167); 
= observed value of the jth genotype in the ith replication; 
u = overall mean; 
= effect of the ith replication; 
Gj = effect of the jth genotype; and 
e.. = experimental error. 
ij 
The basic form of an analysis of variance of a single environment 
is given in Table 4. Expected mean squares were derived with replica­
tions and genotypes assumed to be random. Based on the expected mean 
squares, F-tests for individual characters were calculated. 
A combined analysis of variance was performed for each of six grain 
traits (RATE and DATE evaluated only at the Ames location) by using the 
following linear model: 
'ijk - " + \ + (CE)jt + «ijk 
where : 
i = 1, 2, 3; j = 1, ..., 100; k = 1, 2 (except j = 1, ..., 95 for 
BS17 S2 lines at Ames and Ankeny, experiments 80517 and 80617); 
Y. = observed value of the jth genotype in the ith replication in 
xj k 
the kth environment; 
u = overall mean; 
E^  = effect of the kth environment; 
(R/E)^  ^= effect of the ith replication in the kth environment; 
Gj = effect of the jth genotype; 
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Table 4. Analysis of variance at one environment 
Source df MS E(MS) 
Replications r-1 
Genotypes g-1 M2 2 2 a+raQ 
Error (r-I)(g-l) Ml 
Total rg-1 
(GE)j^  = effect of the jth genotype interaction with the kth 
environment; and 
= experimental error. 
The basic form of a combined analysis of variance is given in 
Table 5. Expected mean squares were derived with replications, genotypes, 
and environments assumed to be random. Based on the expected mean 
squares, F-tests were calculated for main effects and interactions. 
Standard errors (SE) of the variance components were calculated from 
combined analyses of variance as described by Anderson and Bancroft (1952): 
2 2 SE(O^ ) = 
c 
where: 
= ith mean square; 
df^  = degrees of freedom for the ith mean square; and 
2 
c = coefficient of the variance component in the expected mean 
square. 
MS. 
y 1 4 df.+2 1 1 
52 
Table 5. Analysis of variance combined over environments 
Source df MS E(MS) 
Environments (E) e-1 
Replications/E e(r-l) 
Genotypes (G) g-1 M3 2^  2 ^  2 or +rOGE+reGG 
GxE (g-l)(e-l) M2 2^  2 o +rCGE 
Error e(r-l)(g-l) Ml a' 
Total erg-1 
Least significant differences (L.S.D.) used to compare means at 
individual locations were calculated as follows (Steel and Torrie, 1960): 
2 




t = students t with n-1 degrees of freedom at the 0.05 level of 
probability; 
r = number of observations in a mean; and 
_2 O = error mean square. 
To compare means over locations, L.S.D.s were calculated as follows: 
L.S.D. = t 
.05 
2(a^ ra|^ ) 
re 
where: 
re = number of observations in a mean; and 
2 2 (a +ra„„) = genotype-by-environment interaction mean square (plot 
basis). 
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Individual and combined analyses of covariance were performed for 
all pairs of traits. The basic form of analyses of variance and covari­
ance is provided in Tables 6 and 7. 
Estimates of heritability 
Evaluations of Si and S2 lines permitted realized heritability esti­
mates to be calculated as follows : 
2 S^2~^ 2 OpSl 
Rh = =— X 
Xssi-^ si 
where: 
= mean of all SI lines; 
Xgg^  = mean of selected SI lines; 
Xg2 ~ mean of all S2 lines; 
Xgg2 - mean of S2 lines derived from selected SI lines; 
Opsi = phenotypic standard deviation of SI lines; and 
0pg2 = phenotypic standard deviation of S2 lines. 
Standardization of the realized heritability estimates was necessary 
because of possible environmental variations and the difference in 
2 2 
genetic variability among genotypes for SI (a A + and S2 lines 
{(3/2)a^  + (3/16)a^ }. 
Heritability estimates on an entry mean basis for SI lines were 
calculated from combined analyses of variance as follows (Table 5): 
2 2 2 
a /re-Wgg/eWg 
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Table 7. Analysis of variance and covariance combined over environments 
for traits X and Y 
Source d. f. 
Mean squares Mean 
trait cross 























2 2 Og = genetic variance among S1 lines (jw^ ) ; 
2 O = genotype-by-environment interaction variance; 
a = experimental error variance; 
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r = number of replications (3); and 
e = number of environments (2). 
Heritability estimates on an entry mean basis for S2 lines were 
calculated from combined analyses of variance as follows (Table 5): 
, o2(2/3) 
a ^ /reW^ (2/3)/eWg(2/3) 
2 
Estimates involving cr^  were multiplied by 2/3 because the genetic vari­
ation among S2 lines is approximately equal to 3/2 times the additive 
genetic variance of the original population. 
A conservative approximation of the standard error (SE) of herit­
ability estimates was calculated as suggested by Dickerson (1969): 
SI lines j 
o SE(a ) 
SE(h ) = —2  ^ Ô-
(a /re-hjgg/e+ag) 
where : 
2 SE(a_) = standard error of the genetic variance component; Cy 
2 2 2 (a /re+a_„/e+a„) = phenotypic variance of trait under consideration. CXJEj (J 
s2 lines j 
2 2/3 SE(Og) 
SE(h ) = 
{o^ /re+oy_(2/3)/e+a^ (2/3)} 
Correlations 
Simple correlation coefficients between SO plant values and SI line 
mean values and between SI plant values and S2 line mean values were 





Zxy = corrected sum of cross products for X and Y; 
2 Ex = corrected sum of squares for X; and 
2 Ey = corrected sum of squares for Y. 
Shear strength and visual rating were the only traits evaluated on 
a single plant basis. Correlating the mean value of a line (progeny) 
trait with the value of the same single plant (parent) trait yielded 
heritability estimates in standard units as described by Frey and Horner 
(1957). 
Simple correlation coefficients between SI line mean values and 52 
line mean values were calculated using the above formula. 
Phenotypic correlation coefficients for SI and 52 lines traits 
were calculated at one environment (Table 6) and over environments (Table 
7) as follows : 
rp p 
XY CMS^ y) : 
where: 
MP^  = genotype mean product for traits X and Y; 
= genotype mean square for trait X; and 
MS^  = genotype mean square for trait Y. 
Simple and phenotypic correlations were tested for significance by 
comparing tabular t values and calculated t values. Calculated t values 
were obtained by using the following formula (Steel and Torrie, 1960): 
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Genotypic correlation coefficients for SI and S2 line traits 
were estimated for one environment and over environments. Using com­
ponents of variance and covariance, the following formula was used (Mode 
and Robinson, 1959): 
S 
where: 
a = genotypic covariance for traits X and Y; 
X^Y 
2 0„ = genotypic variance for trait X; and S 
2 
a = genotypic variance for trait Y. S 
Genotypic correlation coefficients were not tested for significance 
because of questionable validity of the estimate. 
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RESULTS AND DISCUSSION 
Analyses 
SO and S1 plant analyses 
Mean values and ranges of SHR and RATE pooled over entries for 
single plant evaluations at Ames are presented in Table 8. The mean 
values for SHR of BS1(HS)C1 SO and SI self-pollinated ears (816.0 kg 
and 797.0 kg, respectively) were higher than the mean values of BS17 
SO and SI self-pollinated ears (675.9 kg and 669.1 kg, respectively). 
Because environmental and mechanical parameters influence SHR data and 
no check varieties were included, the differences between the two popu­
lations (BS17 SO versus BS1(HS)17 SO and BS17 SI versus BS1(HS)C1 SI) 
can not be concluded to be genetically controlled. The ranges for 
RATE of both populations (1-5) indicate the range of endosperm types 
consciously obtained from the SO self-pollinated ears was also present 
in the SI self-pollinated ears. 
SO and SI plant correlations 
Simple correlation coefficients between single-plant grain traits 
for BS17 and BS1(HS)C1 lines are presented in Table 9. Common to both 
populations, highly significant (p£.01) correlations were obtained for 
SO ear RATE with SI ear RATE and for SO ear SHR with 81 ear SHR. Also, 
highly significant correlations were obtained for SO ear RATE with SO 
ear SHR and SI ear SHR for BS1(HS)C1. Flinty seed of single, self-
pollinated SO ears had higher shear strength, and these parents produced 
progeny that had seed of higher shear strength. 
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Table 8. Mean values and ranges of shear strength and endosperm rating 
pooled over entries for single plant evaluations at Ames 
Trait 
SHR RATE 
Test kg 1-5 
1978 
BS17 SO plants 
Means 675.9 3.3 
Ranges 476.0-884.0 1.0-5.0 
1979 
BS17 SI plants 
Means 669.1 3.3 
Ranges 299.2-884.0 1.0-5.0 
1979 
BS1(HS)C1 SO plants 
Means 816.0 3.0 
Ranges 530.4-1047.2 1.0-5.0 
1980 
BS1(HS)C1 SI plants 
Means 797.0 3.1 
Ranges 598.4-1020.0 1.0-5.0 
Table 9. Simple correlation coefficients among grain traits for 100 SO 
and 100 SI self-pollinated ears evaluated at Ames 
SI Ear SO Ear SI Ear 
RATE SHR SHR 
50 Ear RATE 
BS17 
BS1(HS)C1 
51 Ear RATE 
BS17 
BS1(HS)C1 
















Significant at the 0.01 level of probability. 
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S1 and S2 line analyses 
Mean values and ranges of eight plant and grain traits, pooled over 
entries for BS17 Si and S2 lines, are reported in Table 10. The mean 
value for SHR of SI lines at Ankeny (775.2 kg) was greater than the 
mean value of SI lines at Ames (578.8 kg). Mean values of H20, BRK, 
WT, VOL, and DEN and ranges of all traits were similar in magnitude at 
both environments. The mean value for H20 of 82 lines at Ames ( 26.7%) 
was higher than the mean value for S2 lines at Ankeny (18.1%) because 
of differences in time of harvest and environments. Correspondingly, 
mean values of BRK (10.7%) and DEN (1.218 g/ml) at Ankeny were slightly 
greater than the mean values of BRK (9.0%) and DEN (1.196 g/ml) at 
Ames. Although mean values of WT and VOL were similar in magnitude at 
both environments, ranges for WT (61.9-103.2 g) and VOL (51.7-84.7 ml) 
at Ankeny were larger than ranges for WT (69.2-91.9 g) and VOL (57.7-
78.0 ml) at Ames. Date of anthesis is applicable only to comparisons 
among entries within the same test because of environmental variations 
and different planting dates. 
Mean values and ranges of eight plant and grain traits, pooled over 
entries for BS1(HS)C1 81 and 82 lines, are reported in Table 11. The 
mean value for H20 of 81 lines at Ames (24.8%) was higher than the 
mean value for SI lines at Ankeny (16.1%). Mean values of SHR, BRK, 
WT, VOL, and DEN and ranges of all traits were similar in magnitude at 
both environments. Mean values for SHR (945.2 kg), WT (91.0 g), VOL 
(75.5 ml), and DEN (1.207 g/ml) of S2 lines at Ankeny were greater than 
the mean values for SHR (852.6 kg), WT (79.0 g), VOL (67.7 ml), and DEN 
Table 10. Mean values and ranges of eight plant and grain traits pooled 








1979 SI lines Ames 
1979 Si lines Ankeny 
1979 SI lines Combined 
1980 S2 lines Ames 
1980 S2 lines Ankeny 
1980 S2 lines Combined 
Means 578.8 



















D^ata collected only at Ames. 
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H20 BRK WT VOL DEN 
% % g ml g/ml 
26.4 7.7 80.7 68.0 1. 188 
22.8-32.3 3.8-13.6 64.2-94.7 53.3-79.2 1.129-1.233 
23.8 7.7 84.8 71.2 1. 193 
20.6-27.9 4.0-15.5 72.7-97.4 60.7-83.2 1.148-1.238 
25.1 7.7 82.8 69.6 1.190 
22.2-29.9 4.6-13.7 71.4-96.0 59.1-81.0 1.140-1.232 
26.7 9.0 81.4 68.1 1.196 
20.4-33.0 4.2-12.9 69.2-91.9 57.7-78.0 1.146-1.268 
18.1 10.7 81.3 66.9 1.218 
13.9-23.9 5.5-17.2 61.9-103.2 51.7-84.7 1.145-1.278 
22.4 9.9 81.4 67.5 1.207 
16.5-28.4 5.7-14.2 65.5-96.7 54.7-75.8 1.158-1.264 
Table 11. Mean values and ranges of eight plant and grain traits pooled 
over entries for BS1(HS)C1 materials 
SHR RATE* DATE* 
Test kg 1-5 days 
1980 SI lines Ames Means 823.6 2.9 16.0 
Ranges 720.8-920.3 1.0-5.0 12.3-21.0 








1981 S2 lines Ames Means 852.6 3.0 22.3 
Ranges 675.5-1078.9 1.0-5.0 15.7-32.3 


















24.8 11.3 86.6 70.8 1.225 
21,7-28.9 7.6-16.6 69.2-99.9 56.7-80.7 1.185-1.288 
16.1 12.3 86.9 70.1 1.242 
13.7-23.9 7.2-20.5 69.9-107.0 55,3-84.7 1.189-1.300 
20.4 11.8 86.8 70.4 1.233 
17.1-26.2 7.6-18.3 69.5-103.5 56.0-82.7 1.190-1.279 
26.6 16.9 79.0 67.7 1.169 
20.5-32.1 8.9-28.5 65.4-90.1 56.3-78.0 1.115-1.230 
23.4 12.8 91.0 75.5 1.207 
17.4-32.5 5.1-35.9 67.9-115.9 55.0-105.7 1.097-1.279 
25.0 14.9 85.0 71.6 1.188 
19.3-31.3 6.6-27.6 66.7-101.0 55.8-86.2 1.105-1.254 
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(1.169 g/ml) of S2 lines at Ames. Correspondingly, the mean value for 
BRK (16.9%) of S2 lines at Ames was greater than the mean value for BRK 
(12.8%) of S2 lines at Ankeny. 
Individual analyses of variance for eight plant and grain traits 
evaluated at Ames for BS17 SI and 82 lines are presented in Tables A5 and 
A7, respectively, and for BS1(HS)C1 81 and 82 lines in Tables A9 and All, 
respectively. Data for RATE and DATE were obtained at only the Ames 
location. Differences among 81 and 82 lines were highly significant 
in all instances for these traits, except for DATE of B817 81 lines 
(Table A5). Examination of DATE data for B817 81 lines indicated a 
mistake was made in recording data from field tags to field books. 
Individual analyses of variance for six grain traits at Ankeny for BS17 
81 and 82 lines are presented in Tables A6 and A8, respectively, and for 
BS1(HS)C1 81 and 82 lines in Tables AlO and A12, respectively. 
Combined analyses of variance for six grain traits for B817 81 and 
82 lines are presented in Tables 12 and 13, respectively, and for 
B81(HS)C1 SI and 82 lines in Tables 14 and 15, respectively. Highly 
significant differences among genotypes were obtained for all traits 
for 81 and 82 lines of both populations. Also common to the four sets 
of materials, genotype-by-environment interactions were non-significant 
(p>.05) for SHR and highly significant for WT. Highly significant 
genotype-by-environment interactions were obtained for H20 for B817 
81 lines and for BRK and VOL for BS17 82 lines. Genotype-by-environment 
interactions were highly significant for BRK and VOL for BS1(HS)C1 81 
lines and for H20, BRK, and VOL for BS1(H8)C1 82 lines. A significant 
Table 12. Analyses of variance for six grain traits for 100 BS17 Si lines, data combined over envi­
ronments in 1979 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Environments (E) 1 57642. 23 975. 89 0. ,66 2543. 39 1610. ,01 3. ,64 
Replications/E 4 196. 06 22. 88 125. ,26 32. 72 11. ,74 1. ,89 
Genotypes (G) 99 93. 52** 14. 22** 19. 49** 164. 89** 126. ,35** 2. .50** 
GxE 99 58. 08 3. 23** 9. 52 35. ,13** 23. ,56 0, ,79 
Error 396 46. ,44 2. ,11 9. 30 23. ,57 18. ,43 0, .82 
C.V. ( %) 10, .07 5, .79 8. 21 5. 87 6. 17 2, .41 
M^ean squares were multiplied by 10 
Mean squares were multiplied by 10 . 
A* 
Significant at the 0.01 level of probability. 
Table 13. Analyses of variance for six grain traits for 95 BS17 S2 lines, data combined over envi­
ronments in 1980 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Environments (E) 1 489. 05 10587. 93 220. 87 0. 81 191. ,74 62. ,80 
Rep11cations/E 4 1154. 26 0. 56 15. ,45 119. 09 30. 04 4. ,83 
Genotypes (G) 94 117. ,97** 34. 66** 12, .90** 184. .05** 156. ,86** 2, 90** 
GxE 94 52. 75 4. 64 3. ,50** 38. , 19** 28. ,02** 0. 63 
Error 376 60. 19 4. 16 2. .36 19. 03 14. 76 0. ,67 
C.V. (%) 8. ,82 9. , 11 4, .33 5, .36 5, .69 2 . 15 
Mean squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
Significant at the 0.01 level of probability. 
Table 14. Analyses of variance for six grain traits for 100 BS1(HS)C1 SI lines, data combined over 
environments in 1980 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Environments (E) 1 1235. 20 11343. 50 92. 54 10. 22 79. 21 43. 37 
Replications/E 4 929. 26 2. 47 53. . 1 2  132. ,64 65. ,24 7. ,09 
Genotypes (G) 99 89. 47* 13. ,30** 13. ,30** 200. ,68** 158. .97** 2, 10** 
GxE 99 59. 39 2. ,57 6. .98** 35. ,79** 27. ,12** 0. ,62* 
Error 396 60. ,08 2. 29 4. ,91 20. ,88 16. ,22 0. ,45 
C.V. (%) 9. , 2 5  7. 42 6. 49 5, 27 5, .72 1, .72 
l^ean squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table 15. Analyses of variance for six grain traits for 100 BSl(HS)Cl S2 lines, data combined over 
environments In 1981 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Environments (E) 1 12700. 57 1505. ,49 905. 88 21125. 14 9062. 39 222. ,62 
Replications/E 4 914. 11 9. 06 52. ,41 113. ,96 133. ,02 2. ,90 
Genotypes (G) 99 370. ,51** 39. 99** 27. ,62** 369. 63** 314. ,70** 4. ,29** 
G3CE 99 107. 33 5. 56** 10. .19** 86. , 16** 72. ,26** 0. 75 
Error 396 129. 32 2, .87 5, .21 28. 83 24, .14 0, .84 
C.V. (%) 12. 65 6, .78 7, .08 6. 32 6. 86 2 .44 
sl — ^ Mean squares were multiplied by 10 
b 3 Mean squares were multiplied by 10 . 
Significant at the 0.01 level of probability. 
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(p£.05) genotype-by-environmenC interaction was obtained for DEN from 
BS1(HS)C1 SI lines. 
The analyses of variance illustrate that genetic variability existed 
among SI and S2 lines for the eight plant and grain traits evaluated; 
thus, genetic progress via selection should be possible. 
The proportion of the genotype-by-environment interaction component 
(Vgg) to the genotypic variance component (V^ ), an important factor for 
the development of an effective testing program, was determined from the 
combined analyses of variance. Estimates of V and V for BS17 lines 
G GE 
and BS1(HS)C1 lines presented in Tables 16 and 17, respectively, provided 
the relative magnitude of the variation sources. The proportions of 
V„ to V. ranged from zero {V considered zero when SE(V )>V } to 66% 
Iff, Or IjD [jlii \j£t 
for BEK of BS(HS)C1 SI lines and SHR of BS17 81 lines. 
The efficiency of trait manipulation via selection depends on the 
magnitude of in proportion to V^ , and error variance. Variance 
2 
component heritability (h ) estimates that express this ratio and realized 
2 heritability (Rh ) estimates for BS17 and BS1(HS)C1 materials, data com­
bined over environments (RATE and DATE evaluated only at Ames), are 
reported in Tables 18 and 19, respectively. Because RATE and DATE were 
2 
evaluated at only one environment, h estimates are biased by a factor 
of for Si line estimates and of times 2/3 for S2 line estimates. Gej Gh 
2 Considering the h estimates presented to be narrow sense, estimates 
from Si lines are biased by a factor of dominance variance (V^ ) times 
1/4 and estimates from S2 lines are biased by a factor of times 1/8. 
Table 16. Genotypic (VQ) variances and genotype x environment (Vgg) variances with standard errors 
for BS17 SI and S2 lines, data combined over environments 
SI S2 
Traits Vc \E G^E \E^ G^ 
SHR* 5.91+2.58 3.88+2.94 0.66 9.63+2.94 0.0 0.0 
RATE^  0.74+0.12 0,54+0.09 
DATE^  c 8.62+1.41 
H20 1.83+0.34 0.37+0.16 0.20 5.00+0.84 0.0 0.0 
BRK*^  1.66+0.51 0.0 0.0 1.57+0.32 0.38+0.18 0.24 
WT 21.63+3.95 3.85+1.74 0. 18 24.31+4.52 6.39+1.90 0.26 
VOL 17.13+3.01 1.71+1.19 0.10 21.47+3.83 4.42+1.40 0.21 
DEN^  0.28+0.06 0.0 0.0 0.37+0.70 0.0 0.0 
Variance components were multiplied by 10 
D^ata collected only at Ames. 
D^ATE not presented because of data collection error. 
V^ariance components were multiplied by 10^ . 
Table 17. Genotyplc (VQ) variances and genotype x environment (Vgg) variances with standard errors 
for BSl(HS)Cl SI and S2 lines, data combined over environments 
SI S2 
Traits 
G^ G^E G^ G^E G^E'^ G^ 
SHR^  4.90+2.22 0.0 0.0 40.20+8.83 0,0 0.0 
RATE^  0.44+0.08 0.68+0.11 
DATE^  2.70+0.46 8.21+1.24 
H2G 1.79+0.32 0.0 0.0 5.74+0.95 0.90+0.27 0.16 
BRK^  1.05+0.35 0.69+0. 35 0.66 2.91+0.69 1.66+0.49 0.57 
WT 27.48+4.78 4.97+1. 75 0.18 47.25+8.90 19.11+4.10 0.40 
VOL 21.98+3.78 3.63+1. 33 0.17 40.41+7.57 16.04+3.44 0.40 
DEwf 0.25+0.05 0.06+0. 03 0.24 0.58+0.10 0.0 0.0 
a -2 Variance components were multiplied by 10 
D^ata collected only at Ames. 
c 3 Variance components were multiplied by 10 . 
73 
2 
Table 18. Heritability (h ) estimates with standard errors for SI and 
S2 lines and realized heritability (Rh^ ) estimates, data com­
bined over environments for BS17 materials 
Traits h^ -Sl h^ -S2 Rh^  
SHR 0. 38+0. 17 0.3^ 0.12 0.54 
RATE^  0.8^ 0.14 0.79+0.13 0.74 
DATE^  
b 0.84+0.14 b 
H20 0.77+0.14 0.82+0.14 0.72 
BRK 0.51+0. 16 0.67+0.14 0.91 
WT 0.79+0.14 0.75+0.14 0.25 
VOL 0.81+0.14 0. 7^ 0.14 0.38 
DEN 0.67+0. 14 0.69+0.13 0.35 
D^ata collected only at Ames. 
D^ATE not presented because of data collection error. 
2 
Table 19. Heritability (h ) estimates with standard errors for SI and 
82 lines and realized heritability (Rh^ ) estimates, data com­
bined over environments for BS1(HS)C1 materials 
Traits h^ -Sl h^ -S2 Rh^  
SHR 0.33+0. 15 0.55+0.12 0.49 
RATE^  0.82+0. 14 0.86+0.13 0.54 
DATE^  0.8^ 0. 14 0.91+0.14 0.79 
H20 0. 81+0. 14 0.83+0.14 0. 76 
BRK 0.4^ 0. 16 0.58+0.14 0.52 
WT 0.82+0. 14 0.74+0.14 0.54 
VOL 0.8^ 0. 14 0.74+0.14 0.55 
DEN 0.71+0.05 0.73+0.13 0.73 
%ata collected only at Ames. 
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Variance component heritability estimates for BS17 materials 
averaged over SI and S2 line estimates (excluding SI line DATE) 
ranged from 0.38 (SHR) to 0.84 (RATE and DATE), while Rh^  estimates 
(excluding DATE) ranged from 0.25 (WT) to 0.91 (BRK). Estimates of h^  
2 
and Rh were of the same relative magnitude for SHR, RATE, and H20, but 
estimates were dissimilar for BRK, WT, VOL, and DEN. Variance component 
heritability estimates from BS1(HS)C1 materials averaged over SI and S2 
2 lines ranged from 0.44 (SHR) to 0.87 (RATE), while Rh estimates ranged 
2 2 from 0.52 (BRK) to 0.79 (DATE). Estimates of h n^d Rh were of the 
same relative magnitude for SHR, DATE, H20, BRK, and DEN, but estimates 
were dissimilar for RATE, t-JT, and VOL.' There were large differences 
for Rh^  estimates between populations for the traits BRK, WT, VOL, and 
2 DEN (excluding DATE). However, h estimates were relatively consistent 
over populations. 
SI and S2 line correlations 
Phenotypic and genotypic correlation coefficients among eight plant 
and grain traits were calculated to obtain a better understanding of how 
various characters contribute to physical quality of grain. Genotypic 
correlation coefficients were consistently of slightly greater magnitude 
than phenotypic correlation coefficients. Because the phenotypic cor­
relation is a sum of the correlation of breeding values (genotypic 
correlation) and the correlation of environmental deviations together 
with non-additive genetic deviations (environmental correlation) 
(Falconer, 1981), deviations of genotypic from phenotypic correlations 
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were attributed to environmental correlations. Differences between 
the two estimates at one environment were attributed to error correla­
tions and combined over environments to genotype-by-environment 
interaction and error correlations. Subsequent discussions on the 
significance of relationships will apply to phenotypic correlation 
coefficients. 
Phenotypic and. genotypic correlation coefficients for BS17 SI and 
S2 lines evaluated at Ames are presented in Tables A13 and A14, respec­
tively, and for BS1(HS)C1 SI and S2 lines in Tables A15 and A16, 
respectively. Significant, negative correlations were consistently 
obtained for RATE with SHR and DEN. Flinty grain tended to be denser 
and of higher shear strength. Highly significant, positive correlations 
were consistently obtained for DATE with H20. Genotypes that flowered 
later tended to have grain of higher harvest moistures. Correlations 
for RATE with DATE, H20, BRK, WT, and VOL and for DATE with SHR, RATE, 
BRK, WT, VOL, and DEN were observed to be inconsistent over line genera­
tions and populations; thus, it is not possible to establish 
relationships. 
Phenotypic and genotypic correlation coefficients among plant and 
grain traits for BS17 SI and 82 lines evaluated at Ankeny are presented 
in Tables A17 and A18, respectively, and for BS1(HS)C1 SI and S2 lines 
in Tables A19 and A20, respectively. A significant, positive correla­
tion was obtained between BRK and H20 for BS17 S2 lines at Ames (Table 
A14), but a highly significant, negative correlation was obtained at 
Ankeny (Table A18). Ranges of entry mean values for H20 were 20.4 to 
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33.0% and 13.9 to 23.9% for S2 lines evaluated at Ames and Ankeny, 
respectively (Table 10). Below approximately 22% harvest moisture, 
decreasing harvest moistures resulted in increased grain breakage 
susceptibility, whereas above approximately 22% harvest moisture, 
increasing harvest moistures resulted in increased grain breakage 
susceptibility. Individual environment data supported this directional 
response. Utilizing S2 lines evaluated at Ames and Ankeny, a regression 
analysis of BRK on H20 was calculated after removing location effects. 
The quadratic term was highly significant, but accounted for only 5.7% 
of the total variation among entries for BRK. The optimum harvest mois­
ture range for preservation of physical grain quality was 19 to 26%, 
and increased breakage susceptibility was observed at higher and lower 
moisture contents. Evaluation of the sums of squares for BRK indicated 
that variation caused by genotypes accounted for 45% of the total vari­
ation among entries for BRK. Thus, genotypes influenced breakage 
susceptibility to a much greater extent than did harvest moisture. 
Phenotypic and genotypic correlation coefficients among six grain 
traits, data combined over environments for BS17 SI and S2 lines, are 
presented in Tables 20 and 21, respectively. Highly significant, posi­
tive correlations between WT and VOL (0.973 and 0.974 for SI and S2 
lines, respectively) indicated the traits to be almost identical measures. 
Common to both line generations were significant, positive correlations 
of SHR with H20 and WT and significant, negative correlations of DEN 
with H20 and VOL. Grain of higher shear strength tended to be heavier 
per 300 kernels (function of kernel size and density) and higher in 
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Table 20. Correlation coefficients among six grain traits for 100 BS17 
SI lines, data combined over environments in 1979 (phenotypic 
_r values above and genotypic £ values below the diagonal) 
Trait 
Trait SHR H20 BRK WT VOL DEN 
SHR 0.275** -0.095 0,227* 0.138 0. 321** 
H20 0.529 0.179 0. 158 0.214* -0.265** 
BRK -0.273 0.294 0.154 0.145 -0.008 
WT 0.277 0.240 0.151 0.973** -0.122 
VOL 0.156 0.312 0.139 0.973 -0.336** 
DEN 0.394 -0.434 -0.010 -0.145 -0.369 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 21. Correlation coefficients among six grain traits for 95 BS17 
S2 lines, data combined over environments in 1980 (phenotypic 
2 values above and genotypic £ values below the diagonal) 
Trait 
Trait SHR H20 BRK WT VOL DEN 
SHR 0.347** 0.012 0.218* 0.161 0. 142 
H20 0.591 -0.116 0.358** 0.373** -0.201* 
BRK -0.025 -0.173 0.455** 0.492** -0.343** 
WT 0.288 0.435 0.510 0.974** -0.316** 
VOL 0.222 0.435 0.541 0.988 -0.520** 
DEN 0.159 -0.210 -0.367 -0.369 -0.558 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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moisture at harvest. Denser kernels tended to be smaller and lower in 
moisture at harvest. A highly significant, positive correlation between 
SHR and DEN obtained for SI lines indicated a tendency of grain with 
higher shear strength to be denser. Significant, positive correlations 
of WT and VOL with H20 and BRK and significant, negative correlations of 
DEN with BRK, WT, and VOL were obtained for S2 lines. Grain of larger 
size tended to be less dense, more breakage susceptible, and higher in 
moisture at harvest. 
Phenotypic and genotypic correlation coefficients among six grain 
traits, data combined over environments for BS1(HS)C1 SI and S2 lines, 
are presented in Tables 22 and 23, respectively. Common to both line 
generations were significant, positive correlations of VOL with H20 and 
BRK and significant, negative correlations of DEN with H20, BRK, WT, and 
VOL. Highly significant, positive correlations of BRK with H20 and SHR 
with DEN and a highly significant, negative correlation of BRK with SHR 
were obtained for S2 lines. Grain resistant to breakage tended to be 
smaller, denser, higher in shear strength, and lower in harvest moisture. 
Grain of larger size being less dense, more breakage susceptible, and 
higher in moisture at harvest and grain of higher shear strength being 
denser, were relationships common to S2 lines of BS17 and BS1(HS)C1. 
Simple correlation coefficients for traits of self-pollinated ears 
of SO and SI plants with traits from open-pollinated Si and S2 lines 
for BS17 are presented in Tables 24-27 and for BS1(HS)C1 in Tables 28-31. 
Parent-offspring correlations for RATE evaluated at Ames were 0.792 (SO 
ear-Sl line; Table 24) and 0.635 (SI ear-S2 line; Table 26) for BS17 
materials and 0.645 (SO ear-Sl line; Table 28) and 0.227 (Si ear-S2 line; 
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Table 22. Correlation coefficients among six grain traits for 100 
BS1(HS)C1 SI lines, data combined over environments in 1980 
(phenotypic £ values above and genotypic 2 values below the 
diagonal) 
Trait 
Trait SHR H20 BRK WT VOL DEN 
SHR 0.079 -0. 183 0.023 -0.016 0. 168 
H20 0.162 -0.035 0.178 0.222* -0.299** 
BRK 0.063 -0.004 0.443** 0.498** —0.468** 
WT 0.060 0.214 0.658 0.981** -0.372** 
VOL 0.005 0.276 0.733 0.985 -0.546** 
DEN 0.225 -0.447 -0.731 -0.437 -0.593 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 23. Correlation coefficients among six grain traits for 100 
BS1(HS)C1 S2 lines, data combined over environments in 1981 
(phenotypic £ values above and genotypic _r values below the 
diagonal) 
Trait 
Trait SHR H20 BRK WT VOL DEN 
SHR 0.125 -0.291** 0.029 -0.083 0.492** 
H20 0.167 0.289** 0.266** 0.293** -0.238* 
BRK -0.465 0.319 0.359** 0.450** -0.559** 
WT 0.050 0.257 0.349 0.976** -0.283** 
VOL -0.092 0.292 0.481 0.975 -0.483** 
DEN 0.609 -0.282 -0.622 -0.289 -0.496 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 24. Simple correlation coefficients for seven plant and grain traits for the means of 100 SI 
line entries evaluated at Ames in 1979 with two grain traits for 100 SO and 100 SI selfed 
ears evaluated at Ames in 1978 and 1979, respectively (Si line traits on the horizontal 
axis and the selfed ear traits on the vertical axis)—BS17 materials 
Trait 




















SHR 0.003 0.055 0.291** -0.089 -0.041 -0.039 -0.004 
SI Ear 
SHR 0.106 -0.006 0.251* -0.184 0.004 0.013 -0.031 
D^ATE not presented because of data collection error. 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table 25. Simple correlation coefficients for six grain traits for the 
means of lOO SI line entries evaluated at Ankeny in 1979 with 
two grain traits for 100 SO and 100 Si selfed ears evaluated 
at Ames in 1978 and 1979, respectively (51 line traits on the 
horizontal axis and the selfed ear traits on the vertical axis) 
—BS17 materials 
Trait 






























Significant at the 0.01 level of probability. 
Table 26. Simple correlation coefficients for eight plant and grain traits for the means of 95 S2 
line entries evaluated at Ames in 1980 with two grain traits for 95 SO and 95 S1 selfed 
ears evaluated at Ames in 1978 and 1979, respectively (S2 line traits on the horizontal 
axis and the selfed ear traits on the vertical axis)—BS17 materials 
Trait 
Trait SHR RATE DATE H20 BRK WT VOL DEN 
SO Ear 
RATE -0.207* 0.523** -0.227* -0.016 -0.104 0.014 0.088 -0.295** 
SI Ear 
RATE -0.144 0.635** -0.212* 0.012 -0.087 0.029 0.129 -0.377** 
SO Ear 
SHR 0. 234* -0.121 0.290** 0.216* 0.062 0.089 0.063 0.049 
SI Ear 
SHR 0.192 -0.100 0.285** 0.250* -0.032 0.079 0.063 0.034 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table 27. Simple correlation coefficients for six grain traits for the 
means of 95 S2 line entries evaluated at Ankeny in 1980 with 
two grain traits for 95 SO and 95 SI selfed ears evaluated at 
Ames in 1978 and 1979, respectively (S2 line traits on the 
horizontal axis and the selfed ear traits on the vertical axis) 
—BS17 materials 
Trait SHR H20 
Trait 
BRK WT VOL DEN 
SO Ear 
RATE -0.084 0.026 -0.068 0.123 0.172 -0.273** 
SI Ear 
RATE -0.154 0.005 0.019 0.160 0.213* -0.309** 
SO Ear 
SHR 0.253* 0.229* -0.187 0.014 -0.001 0.062 
SI Ear 
SHR 0.221* 0.277** -0.244* 0.037 0.038 -0.020 
** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 28. Simple correlation coefficients for eight plant and grain traits for the means of 100 SI 
line entries evaluated at Ames in 1980 with two grain traits for 100 SO and 100 SI selfed 
ears evaluated at Ames in 1979 and 1980, respectively (SI line traits on the horizontal 
axis and the selfed ear traits on the vertical axis)—BS1(HS)C1 materials 
Trait 
Trait SHR RATE DATE H20 BRK WT VOL DEN 
SO Ear 
RATE -0.207* 0.645** 0.069 -0.013 0.069 -0.157 -0.055 -0.333** 
SI Ear 
RATE -0.102 0.558** 0.060 0.018 0.316** 0.100 0.182 -0.339** 
SO Ear 
SHR 0.035 0.106 0.222* 0.081 -0.122 -0.229* -0.190 -0.077 
SI Ear 
SHR 0.095 0.164 0.180 0.056 -0.140 -0.195 -0.185 0.023 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
85 
Table 29. Simple correlation coefficients for six grain traits for the 
means of 3 00 SI line entries evaluated at Ankeny in 1980 with 
two grain traits for 100 SO and 100 SI selfed ears evaluated 
at Ames in 1979 and 1980, respectively (SI line traits on the 
horizontal axis and the selfed ear traits on the vertical axis) 
—BS1(HS)C1 materials 
Trait 









0.017 -0.069 -0.028 0.095 -0.363** 
0.099 0.076 0.130 0.210* -0.471** 
0. 194 -0.193 -0.156 -0. 159 0.099 
0.208* -0.286** -0.168 -0.168 0.078 
*'* Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 30. Simple correlation coefficients for eight plant and grain traits for the means of 100 S2 
line entries evaluated at Ames in 1981 with two grain traits for 100 SO and 100 SI selfed 
ears evaluated at Ames in 1979 and 1980, respectively (S2 line traits on the horizontal 
axis and the selfed ear traits on the vertical axis) BS1(HS)C1 materials 
Trait 






















-0 .118  
-0.013 
- 0 . 1 1 2  
-0.070 
-0 .011  
- 0 . 1 1 2  
0.047 








' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table 31. Simple correlation coefficients for six grain traits for the 
mean of 100 S2 line entries evaluated at Ankeny in 1981 with 
two grain traits for 100 SO and 100 SI selfed ears evaluated 
at Ames in 1979 and 1980, respectively (S2 line traits on the 
horizontal axis and the selfed ear traits on the vertical axis) 
—BS1(HS)C1 materials 
Trait 
Trait SHR H20 BRK WT VOL DEN 
SO Ear 
RATE -0.123 -0.020 -0.023 -0.091 -0.036 -0.204* 
Si Ear 
RATE -0.313** 0.121 0.302** 0.088 0.191 -0.533** 
SO Ear 
SHR 0.322** 0.209* -0.035 -0. 110 -0.120 0. 125 
SI Ear 
SHR 0.313** 0.185 -0.011 -0.144 -0.146 0.084 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table 30) for BS1(HS)C1 materials. Correlations of SO ear and SI ear RATE 
with SI line and S2 line DEN, respectively, were of relatively consistent 
magnitude (except SI ear-S2 lines for BS1(HS)C1 evaluated at Ames; Table 
30), ranging from -0.309 to -0.533. Parents exhibiting a flinty endosperm 
seed type tended to produce progeny with denser kernels. The RATE of 
single SO and SI ears, however, did not effectively predict SHR, DATE, 
H20, BRK, WT, or VOL of progeny lines. Correlations between SI ear RATE 
and SI line RATE for BS17 materials (0.548; Table 24) and BS1(HS)C1 
materials (0.558; Table 28) were highly significant. Differences between 
ear and line values were attributed to genetic variation within the lines 
and environmental variation within the location. 
Parent-offspring correlations for SHR of individual SO and Si ears 
with SI and S2 lines, respectively, ranged from -0.034 to 0.341. 
Correlations between SO ear SHR and Si ear SHR for BS17 and BS1(HS)C1 
were 0,837 and 0.829, respectively (Table 9). The large difference 
between the relationship of parental, self-pollinated ears with open-
pollinated, progeny lines compared with the relationship of parental, 
self-pollinated ears with self-pollinated, progeny ears indicates a 
paternal effect for shear strength. Correlations between SI ear SHR 
and SI line SHR were 0.106 (Ames; Table 24) and 0.290 (Ankeny; Table 25) 
for BS17 materials and 0.095 (Ames; Table 28) and 0.302 (Ankeny; Table 
29) for BS1(HS)C1 materials. These small and inconsistent correlations 
support the observation that pollen affects the endosperm (xenia) with 
respect to shear strength. Correlations between SO ear SHR and SI 
line traits and between SI ear SHR and S2 line traits were inconsistent. 
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Kernel shear strength was sensitive to environmental differences as indi­
cated by inconsistent correlations with DATE and H20. Evidently, shear 
strength of single-plant, parental materials can not be used effectively 
to predict any traits evaluated. 
Simple correlation coefficients between the means of SI and S2 lines 
for eight plant and grain traits, data combined over locations, are 
presented for BS17 and BS1(HS)C1 materials in Tables 32 and 33, 
respectively. Because 81 and S2 lines were grown in different years, 
simple correlations are not confounded by environmental correlations. 
The simple correlation coefficient between mean values of a trait 
in the SI lines with the same trait in the S2 lines represents the 
accuracy for the prediction of the S2 line mean trait value from the 
SI line mean trait value. These calculated predictive values, data 
combined over environments, were all highly significant and ranged from 
0.305 (SHR) to 0.612 (H20) for BS17 materials (excluding DATE) and from 
0.285 (SHR) to 0.708 (DATE) for BS1(HS)C1 materials. Correlations 
between traits of different line generations, common to both populations 
were as follows: 
1) A highly significant, negative correlation was obtained between 
SI line RATE and S2 line DEN. The Si line genotypes with flinty 
kernels tended to produce S2 line genotypes with dense kernels. 
No significant correlation was obtained between SI line RATE 
and S2 line BRK. 
2) Significant, positive correlations were obtained for SI line 
BRK with 52 line DATE, WT, and VOL. The SI line genotypes with 
Table 32. Simple correlation coefficients for eight plant and grain traits for the means of 95 SI 
line entries, data combined over environments in 1979, with the means of 95 S2 line 
entries, data combined over environments in 1981 (SI lines on the horizontal axis and 
the 82 line traits on the vertical axis)—BS17 materials 
Trait^  
Trait SHR RATED H20 BRK WT VOL DEN 
SHR 0.305** -0.153 0.301** 0.144 0.245* 0.236* 0.044 
RATE^  -0.101 0.576** 0.171 0.096 0.144 0.224* -0.330** 
DATE^  0.183 -0.208* 0.393** 0.263** -0.038 -0.013 -0.102 
H20 0.152 -0.123 0.612** 0.135 0.083 0.079 -0.032 
BRK 0.057 0.002 0.035 0.419** 0.207* 0.239* -0.135 
WT 0.172 -0.015 0.214* 0.239* 0.440** 0.441** -0.099 
VOL 0.135 0.065 0.235* 0.221* 0.420** 0.447** -0.189 
DEN 0.066 -0.357** -0.206* -0.030 -0.126 -0.239* 0.437** 
D^ATE not presented because of data collection error. 
D^ata collected only at Ames. 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table 33. Simple correlation coefficients for eight plant and grain traits for the means of 100 SI 
line entries, data combined over environments in 1980 with the means of 100 S2 line 
entries, data combined over environments in 1981 (SI line traits on the horizontal axis 
and S2 line traits on the vertical axis)—BS1(HS)C1 materials 
Trait 
Trait SHR RATE* DATE^  H20 BRK WT VOL DEN 
SHR 0.285** -0.187 0.166 0.071 -0.398** 0.022 -0.054 0.344** 
RATE^  -0.130 0.527** 0.185 0.224* 0.185 0.162 0.250* -0.507** 
DATE^  0.086 0.040 0.708** 0.429** 0.205* 0.179 0.197* -0.176 
H20 0.227* 0.111 0.390** 0.669** 0.006 0.208* 0.212* -0.124 
BRK 0.024 0.142 0.337** 0.229* 0.522** 0.340** 0.382** -0.357** 
WT 0.092 -0.003 0.008 0.147 0.214* 0.597** 0.588** -0.229* 
VOL 0.069 0.064 0.063 0.212* 0.259** 0.594** 0.614** -0.364** 
DEN 0.078 -0.279** -0.242* -0.309** -0.292** -0.240* -0.355** 0.664** 
D^ata collected only at Ames. 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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breakage-resistant grain tended to produce earlier flowering 
S2 line genotypes with smaller kernels. 
3) Significant, positive correlations of Si line WT and VOL with 
S2 line BRK were obtained. The SI line genotypes with large 
kernels tended to produce S2 line genotypes with grain that 
was more susceptible to physical damage. 
4) A highly significant, negative correlation was obtained between 
SI line DEN and S2 line RATE. The SI line genotypes with dense 
kernels tended to produce S2 line genotypes with flinty kernels. 
For BS1(HS)C1 materials, highly significant, positive correlations 
were obtained for Si line DATE and H20 with S2 line BRK and significant, 
negative correlations of Si line DATE and H20 with S2 line DEN. Later 
flowering 81 line genotypes with grain of higher harvest moisture tended 
to produce S2 line genotypes with less dense, more breakage-susceptible 
grain. Significant, negative correlations were obtained for SI line 
DEN with S2 line BRK, WT, and VOL. The SI line genotypes with dense 
grain tended to produce S2 line genotypes with smaller, less breakage-
susceptible kernels. 
Using selection of correlated traits to influence physical grain 
quality has been suggested (Johnson and Russell, 1982). Three basic 
considerations of selection for a correlated response of grain breakage 
are as follows: 
1) Correlated response of grain breakage from indirect selection 
compared with response of grain breakage from direct selection. 
2) Ease of evaluating the traits of selection. 
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3) Correlated responses of other important traits with the trait 
of selection. 
Response from direct selection of character X (R^ ) and correlated 
response from indirect selection of character X (CR^ ) can be compared 
using the ratio h^ r^ /h^ ; where h^  is the square root of the heritability 
for the trait of selection (Y) to obtain a correlated response in X, 
h^  is the square root of the heritability for the trait of selection 
(X) to obtain a direct response in X, and r^  is the genetic correlation 
between two traits. Heritabilities obtained from Tables 32 and 33 (the 
diagonal represents the heritabilities of advancing from the Si lines 
to the S2 lines) and genetic correlations obtained from Tables 21 and 
23 (genetic correlations of S2 line traits) provided the information 
necessary to calculate the efficiency of selecting for a correlated 
response in grain breakage. Indirect selection compared to direct 
selection for grain breakage resistance was 52 (WT), 55 (VOL), and 42% 
(DEN) for BS17 materials and 38 (WT), 55 (VOL), and 71% (DEN) for 
BS1(HS)C1 materials, as effective. Because devices have been developed 
that rapidly determine the breakage susceptibility of grain (ex: 
Wisconsin breakage tester as described previously in Literature Review), 
SI line BRK is the most efficient evaluation technique to predict 82 




Highly significant differences among SI and S2 lines determined 
from the combined environment analyses of variance indicated that 
genetic variability exists in BS17 and BS1(HS)C1 for the eight plant 
and grain traits evaluated; thus, genetic progress via selection should 
be possible. The trait BRK was of primary interest because it estimates 
the vulnerability of grain to physical injury during handling and 
transport. 
Genotype-by-environment interactions were inconsistent over line 
generations and populations but generally were significant for the 
traits BRK, WT, and VOL and non-significant for the trait DEN. The 
magnitude of the genotype-by-environment interaction variance relative 
to the genotypic variance was of interest to determine the extent of 
environmental testing necessary. The proportions of the estimated 
genotype-by-environment interaction variance components in relation 
to genotypic variance components were larger for the BSl(HS)Cl-derived 
lines than for the BS17-derived lines for the traits BRK, WT, and VOL. 
The data indicated that preliminary evaluations of breakage resistance 
for BS17 lines in one environment may be adequate. Single environment 
evaluations of breakage resistance for BS1(HS)C1 lines, however, would 
be inadequate. These conclusions are based on data from only two 
locations. Variance-component heritability estimates for BRK ranged 
from 0.48 to 0.67, which were lower in magnitude than heritability 
estimates for the other traits evaluated, except SHR. These estimates 
95 
indicated a relatively high probability of making genetic progress for 
the traits evaluated, with the exception of SHR. 
The SI and S2 line correlation analyses illustrated important rela­
tionships among physical grain traits during early inbreeding. Large, 
positive correlations (r>0.95) between VOL and WT indicated the traits 
to be almost identical measures. Grain of larger kernel size tended 
to be less dense and more susceptible to physical injury. Most 
importantly, grain resistant to breakage tended to be smaller, denser, 
and higher in shear strength. The data indicated that the expression 
of shear strength was influenced by paternal effects and was sensitive 
to environmental differences. 
The correlation between harvest moisture and breakage susceptibility 
was dependent on the ranges of entry mean values for harvest moisture. 
The optimum harvest moisture range for physical grain quality preserva­
tion was 19 to 26%. Below this range, decreasing harvest moistures 
resulted in increased breakage susceptibility, whereas above this range, 
increasing harvest moistures resulted in increased breakage suscepti­
bility. Although significant correlations were obtained between BRK and 
H20 when the majority of entry means for H20 were either above or below 
22%, H20 accounted for only approximately 6% of the total variation 
among entries for BRK. Evaluation of the sums of squares for BRK indi­
cated that variation due to genotypes accounted for approximately 45% 
of the total variation among entries for BRK. Thus, genotypes influ­
enced breakage susceptibility to a much greater extent than did H20. 
96 
Simple correlation coefficients between means of SI and S2 lines 
estimated the accuracy for the prediction of the S2 line mean trait 
values by the SI line mean trait values. The trait-to-trait correla­
tions indicated that trait means of SI lines would have predictive value 
for the same traits in the S2 lines, except for SHR. No significant 
correlation was obtained between SI line RATE, which is an easily evalu­
ated trait, and S2 line BRK; consequently, visual observation of the 
81 line endosperm type was not an effective predictor of the S2 line 
breakage resistance. Earlier flowering SI lines with smaller kernels 
of lower harvest moisture tended to produce 82 lines with grain more 
resistant to physical damage. This harvest moisture-grain damage rela­
tionship was influenced by the range of harvest moistures. The SI lines 
with dense grain tended to produce S2 lines with smaller, less breakage-
susceptible kernels. 
Based only on simple correlations, the data indicated that selec­
tion of 81 lines with breakage-resistant grain could result in earlier 
flowering S2 lines with smaller kernels. Because no yield data were 
evaluated in this section, what effect these relationships have on 
yield could not be determined. 
Using selection of correlated traits to influence physical grain 
quality has been suggested (Johnson and Russell, 1982). Indirect 
selection compared to direct selection for grain breakage resistance 
was estimated to be 38 to 71% as effective when utilizing HT, VOL, and 
DEN as traits of selection. Because devices have been developed that 
rapidly determine the breakage susceptibility of grain, SI line BRK 
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was determined to be the most efficient evaluation technique to predict 
S2 line BRK. 
Because kernel shear strength and kernel breakage susceptibility are 
dependent on endosperm characteristics, and the data indicated there is 
a paternal effect for shear strength, it is of concern what effect the 
pollen parent has on the breakage susceptibility of maize grain. The 
data from this study do not allow any conclusions to be made on the xenia 
effect for grain breakage. If xenia is present, however, evaluation of 
grain breakage susceptibility would necessitate controlling the source of 
pollen. Therefore, grain breakage testers that require small sample sizes 
could be utilized to evaluate grain of single, self-pollinated ears. Also, 
larger numbers of controlled pollinations in progenies could be conducted 
to obtain grain for breakage susceptibility analyses. These techniques 
would involve much labor or resources but would increase the genetic 
progress made from selection if there is a paternal effect for the expres­
sion of physical grain damage. 
Selection for resistance to breakage can be done in the development 
of inbred lines and also in the improvement of breakage resistance by 
recurrent selection in breeding sources such as synthetics. 
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PART II. EVALUATION OF GRAIN BREAKAGE SUSCEPTIBILITY 
AND AGRONOMIC TRAITS OF BSl(HS)Cl-DERIVED 82 
LINES AND THEIR TESTCROSS HYBRIDS 
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INTRODUCTION 
Evaluating all inbred lines derived from a breeding program is 
costly in terms of time, space, and money. To eliminate many of these 
lines early in the inbreeding process, Jenkins (1935) proposed discard­
ing material based on early testing of topcross progeny. Sprague (1946) 
sùpported Jenkins' (1935) proposal based on correlations between SO 
topcrosses and SI topcrosses. Early testing can be used to evaluate 
lines before visual selection and inbreeding continue. 
Based on the research of Jenkins (1935) and Sprague (1946), S2 
lines derived from a maize synthetic and these S2 lines in hybrid combi­
nations were evaluated for grain breakage susceptibility and agronomic 
traits. The specific objectives of this section were: 
1) To correlate breakage susceptibility with other economically 
important agronomic traits, primarily yield, to observe any 
significant relationships among traits; and 
2) To develop a selection index for simultaneous selection of 
breakage resistance and other agronomic traits. 
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MATERIALS AND METHODS 
Plant Materials 
The genetic materials evaluated for plant and grain characters in 
this study included: (1) S2 lines previously derived from BS1(HS)C1 
(Part I), and (2) these 82 lines in testcrosses with B73 and M017. Seed 
for planting evaluation trials was obtained in 1981 at Ames by sib-
mating within individual S 2 lines in the breeding nursery and by cross­
ing individual S2 lines with B73 and M017 in the topcross nurseries. 
These procedures resulted in seed for planting of 90 S2 lines and these 
90 S2 lines crossed individually with B73 and M017. 
Pedigrees and entry numbers for the groups of materials are listed 
in Tables A21 to A23. The pedigree of an S2 line represents plot origin, 
endosperm type, and ear designation and of a testcross hybrid represents 
plot origin, endosperm type, ear designation, and inbred line tester. 
Field Procedures 
Separate experiments were employed to evaluate 90 S2 lines and 180 
S2 line testcross hybrids at Ames and at Ankeny in 1982. Evaluations 
of entries were conducted using six sets per experiment: 15 entries 
per set for S2 line experiments and 30 entries (15 common S2 lines x 2 
testers) per set for S2 line testcross hybrid experiments. All experi­
ments were arranged in a randomized complete block design with three 
replications for each of six sets. Experimental units were two-row plots. 
Rows spaced at 76.2 cm and 4.6 m long were machine-planted with 28 seeds 
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per row (56 seeds per plot). All rows were thinned to 21 plants at 
approximately the 5-leaf stage, resulting in a final plant density of 
approximately 50,230 plants per hectare. Adequate fertility and chemical, 
mechanical, and hand-weed control were agronomic practices followed for 
all experiments to promote high productivity. 
Each plot was harvested with a Model 205 Massey-Ferguson, two-row 
combine. Plot weights and harvest moistures were determined. A sample 
of approximately 400 g of shelled grain was collected from each plot. 
The shelled grain samples were dried in a forced-air dryer at approxi­
mately 66°C for three days. Immediately following drying, the samples 
were placed in cold storage (10°C and 50% humidity) until grain trait 
evaluations were conducted. This drying-cooling procedure resulted in 
all samples reaching an equilibrium moisture of approximately 10%. A 
listing of experiment numbers used to describe locations and material 
evaluated is provided in Table 34. 
Plant and Grain Measurements 
The following plant and grain traits were evaluated for the S2 
lines and S2 line testcross hybrids at Ames and Ankeny. 
1) Root lodging (RTLD)—Immediately preceding harvest, each plot 
was counted for the number of plants that lodged more than 30° 
from vertical. 
2) Stalk lodging (STLD)—Immediately preceding harvest, each plot 
was counted for the number of plants that broke below the pri­
mary ear internode. 
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Table 34. Listing of experiment numbers used to describe locations and 
materials evaluated 
Experiments 
Year Test Location Material 
82 513 Ames 
82 613 Ankeny 
82 514 Ames 
82 614 Ankeny 
S2 lines 
S2 lines 
S2 line testcross hybrids 
S2 line testcross hybrids 
3) Stein breakage test (BRK)—Shelled grain samples were treated 
and data analyzed as described previously in Part I. 
4) Harvest moisture (H20)—Shelled grain samples were measured for 
percent moisture at harvest by using a hand-held Dickey-john 
grain moisture tester. 
5) Grain yield (YLD)—The total amount of shelled grain per plot 
harvested with no gleaning for dropped ears was measured in 
pounds per plot. Yield was adjusted to 15.5% moisture and con­
verted to quintals per hectare (q/ha) using a factor of 5.42. 
A listing of the abbreviations used to describe each plant and 
grain trait is provided in Table 35. 
Statistical Procedures 
Analysis of variance and covariance 
An analysis of variance of each environment was performed for each 
of the five plant and grain characters for S2 lines and individual tester 
by 82 line testcross hybrids by using the following linear model; 
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Table 35. Listing of abbreviations and their descriptions for plant and 
grain traits for BS1(HS)C1 S2 lines and BS1(HS)C1 S2 line 
testcross hybrids 
Abbreviation^  Description 
RTLD Root lodging (%) 
STLD Stalk lodging (%) 
BRK Stein breakage test (%) 
H20 Harvest moisture (%) 
YLD Harvested grain yield (q/ha) 
A^bbreviations will be used to describe plant and grain traits in 
subsequent tables and text. 
where; 
i = 1, 2, 3; j = 1, ..., 15; & = 1, ..., 6; 
Y... = observed value of the jth genotype in the ith replication 
xjx, 
within the &th set; 
u = overall mean; 
S^  = effect of the &th set; 
(R/S)^  ^= effect of the ith replication within the £th set; 
(G/S).. = effect of the jth genotype within the &th set; and 
e^ j^  = experimental error. 
When S2 line testcross hybrids at each environment were analyzed, 
data pooled over testers, genotypic sums of squares were partitioned 
into effects due to S2 lines, testers, and S2 line-by-tester interac­
tions as follows: 
(G/S>.J . (l/S)^  + + (LT/S)_^  
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where : 
j= 1, 30; m = 1, 15; n = 1, 2; & = 1, 6; 
(L/S)^  = effect of the mth S2 line within the 2th set; 
(T/S)^ £ = effect of the nth tester within the &th set; and 
(LT/S)^ J^J  ^= effect of the mth S2 line interaction with the nth 
tester within the 2th set. 
The basic form of an individual environment analysis of variance 
for S2 lines and individual tester S2 line testcross hybrids is given 
in Table 36. The individual environment analysis of variance format 
for S2 line testcross hybrids, data pooled over testers, is given in 
Table 37. Expected mean squares were derived with replications and 
genotypes assumed to be random and testers assumed to be fixed. Based 
on expected mean squares, F-tests were calculated for main effects and 
interactions. 
An analysis of variance combined over environments was performed for 
each of the five plant and grain characters for S2 lines and individual 
tester S2 line testcross hybrids by using the following linear model: 
(EG/S)yu + 
where: 
i = 1, 2, 3; j = 1, ..., 15; £ = 1, ..., 6; k = 1, 2; 
i^jilk ~ observed value of the jth genotype in the ith replication 
within the 2th set in the kth environment; 
u = overall mean; 
= effect of the kth environment; 
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Table 36. Individual environment analysis of variance for S2 lines and 
individual tester S2 line testcross hybrids 
Source df MS E(MS) 
Sets (S) s-1 
Replications/S s(r-l) 
Genotypes/S s(g-l) M2 
Error s(r-l) (g-1) Ml 
Total srg-1 
Table 37. Individual environment analysis of variance for 82 line test-
cross hybrids, data pooled over testers 
Source df MS E(MS) 
Sets (S) s-1 
Replications/S s(r-l) 
Genotypes/S s(g-l) M2 2 2 c+rog 
Lines (L)/S s(£-l) M21 a^ +rta^  
Testers (T)/S s(t-l) M22 2 2 2 o^ +rO^ T+rAKr 
LxT/S s(&-l)(t-l) M23 
Error s(r-l)(g-I) Ml 
Total srg-1 
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= effect of the &th set; 
(ES)^  ^= effect of the kth environment interaction with the 2th set; 
(R/S/E)^ ^^  = effect of the ith replication within the 2th set in 
the kth environment ; 
(G/S).. = effect of the jth genotype within the 2th set; 
J 2 
.(EG/S)^ j^  = effect of the kth environment interaction with the jth 
genotype within the 2th set; and 
i^j 2k ~ experimental error. 
When S2 line testcross hybrids combined over environments were 
analyzed, data pooled over testers, genotypes sums of squares were par­
titioned as described previously and genotype-by-environment interaction 
sums of squares were partitioned into effects due to S2 line-by-
environment interactions, tester-by-environment interactions, and S2 
line-by-tester-by-environment interactions as follows: 
(EG/S)y, . + (ET/S)k.l + CLT/S)^ , 
where: 
j = 1, ..., 30; m = 1, ..., 15; n = 1, 2; 2 = 1, .6; k = 1, 2; 
(EL/S), _ = effect of the kth environment interaction with the 
km2 
mth S2 line within the 2th set; 
(ET/S)^ ^^  = effect of the kth environment interaction with the 
nth tester within the 2th set; 
(ELT/S), „ = effect of the interaction among the kth environment, 
kmn2 
mth S2 line, and nth tester within the 2th set. 
The basic form of a combined environment analysis of variance for 
S2 lines and individual tester S2 line testcross hybrids is given in 
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Table 38. The combined environment analysis of hybrids, data pooled 
over testers is given in Table 39. Expected mean squares were derived 
with replications, genotypes, and environments assumed to be random and 
testers assumed to be fixed. Based on expected mean squares, F-tests 
were calculated for main effects and interactions. Approximate F-tests 
were calculated for the main effects of testers (Satterthwaite, 1946). 
Standard errors (SE) of the variance components from combined analy­
ses of variance and least significant differences (L.S.D.) used to compare 
means of individual and combined environments were calculated as described 
in Part I. 
Individual and combined environment analyses of covariance were 
performed for all pairs of traits using the same format as that for the 
analyses of variance. 
Estimates of heritability and repeatability 
Heritability estimates were calculated on an entry mean basis for 
S2 lines from combined analyses of variance for the five characters 
evaluated as described in Part I. 
Because the variance among individual tester 82 line testcross 
hybrids does not relate directly to the source population, the ratio 
of the among-individuals variance to the total phenotypic variance mea­
sures the repeatability. Repeatability estimates on an entry mean basis 
for S2 line testcross hybrids were calculated from combined environment 
analyses of variance for individual testers as follows (Table 37): 
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Table 38. Combined environment analysis of variance for S2 lines and S2 
line testcross hybrids for individual testers 
Source df MS E(MS) 
Environments (E) e-1 
Sets (S) s-1 
ExS (e-l)(s-l) 
Replications/S/E es.(r-l) 
Genotypes (G)/S s (g-1) M3 2 2 2 a frCgg + reUg 
lixC/S s(g-l) (e-1) M2 2 2 
Error es(r-l) (g-1) Ml a2 
Total esrg-1 
0^ /(8/3) 
t 0^re4O^'(8/3)/e4Og' (8/3) 
2 
Estimates involving o^ ' were multiplied by 8/3 because the genetic vari­
ation among S2 line testcross hybrids is approximately equal to 3/8 of 
the additive genetic variance of the original population (depending on 
gene frequency in the tester). This is illustrated by the following 
equation (Hallauer and Miranda, 1981): 
aj = (l/2)p(l-p)(l+F){a+(l-2r)d}^  
where : 
2 0^  = genetic variance among testcross progenies for one locus; 
p = allelic frequency of the favorable allele at a given locus in 
the tested lines; 
F = coefficient of inbreeding in the tested lines (S2 lines F=h); 
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Table 39. Combined environment analysis of variance for S2 line testcross 
hybrids, data pooled over testers 
Source df MS E(MS) 
Environments (E) e-1 
Sets (S) s-1 
ExS (e-1) (s-1) 
Replications/S/E es(r-l) 
Genotypes (G)/S s(g-l) M3 2 2 2 
Lines (L)/S s(£-l) M31 
Testers (T)/S s(t-l) M32 
LxT/S s(&-l)(t-l) M33 
ExG/S s(g-l) (e-1) M2 
ExL/S s(%-l)(e-l) M21 
ExT/S s(t-l) (e-1) M22 
ExLxT/S s(&-l)(t-l)(e-l) M23 2 2 
° """^ L^TE 
Error es(r-l) (g-1) Ml a2 
Total esrg-1 
a = genotypic value of the homozygote for the favorable allele at a 
given locus in the tester; 
d = level of dominance at a given locus; and 
r = allelic frequency at a given locus in the tester. 
Variance among testcrosses depends on the allelic frequency (r) in 
the tester. Consequently, repeatability estimates calculated for indi-
2 2 
vidual testers employed the estimates o ' and O '. G OiL 
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Standard errors (SE) of heritability and repeatability estimates 
were calculated as described in Part I. 
Correlations 
Simple correlation coefficients were calculated between 82 line 
means (Individual and combined over environments) and S2 line testcross 
hybrid means (individual and combined over testers for individual and com­
bined over environments). Phenotypic and genotypic correlation coeffi­
cients among traits of S2 lines were calculated for individual and com­
bined environments. Calculations of phenotypic and genotypic correlation 
coefficients among traits of 82 lines in hybrid combinations were cal­
culated for individual and combined testers for individual and combined 
environments. Simple and phenotypic correlations were tested for sig­
nificance as described in Part I. 
Selection index 
Selection indices involve simultaneous selection for several charac­
ters by using a weighted function of the individual characters under 
consideration. A multitude of selection indices exists. Smith et al. 
(1981) concluded that the index chosen will depend on the objectives 
of the breeder and on the information available. 
Phenotypic and genotypic variances of all characters and covari-
ances of all pairs of characters in this study were available. Positive 
relationships were observed between BRK and YLD (increased breakage 
susceptibility and increased yield) and between H20 and YLD. The 
Smith-Hazel index (Becker, 1967) was utilized because information on 
I l l  
the relationships among traits was available and undesirable relation­
ships between traits were evident. 
Let I = b,P, + ... + b P and 
11 n n 
H = a.G. + ... + a G 
11 n n 
where: 
I = index value for a given phenotype; 
b^  = index weight for trait n; 
= phenotypic value for trait n; 
H = genotypic score for a given phenotype; 
a^  = measure of relative importance of trait n; and 
= genotypic value of trait n. 
The main objective was to maximize the correlation between H and I 
so genotypes with the greatest worth would be selected. Deriving index 
weights (b's) to identify genotypes with the highest score was achieved 
by using the following equation (Smith, 1936): 
 ^= P 
where: 
 ^= vector of b values corresponding to the traits included in the 
index; 
- 1  P = inverse phenotypic variance-covariance matrix; 
G = genotypic variance-covariance matrix; and 
 ^= vector of relative economic weights. 
To solve this equation, the following information was needed: (1) 
relative 'economic' weights determined from previous knowledge of the 
breeder, (2) genotypic and phenotypic variance components of all traits 
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derived from analyses of variance, and (3) genotypic and phenotypic 
covariance components of all trait combinations derived from analyses 
of covariance. 
Assuming phenotypic variances of traits evaluated are of the same 
magnitude, the Smith-Hazel index assigns greater weight to those traits 
that have higher repeatabilities. Because the traits evaluated in this 
study were on scales of much different magnitude, b values were calcur-
lated in standard units. This procedure involved standardizing the 
phenotypic and genotypic variance and covariance terms in the matrices 
(Table 40). In the resulting index, standardized b values were applied 
to the standardized mean phenotypic trait values. Genotypes were ranked 
according to their index value within sets. 
To predict gains from selection, the following matrix equation was 
solved (Lin, 1978): 
(b'Pb) 
where : 
A = vector of predicted gains; 
i = standardized selection differential; and 
b' = row vector of b values corresponding to the traits included 
in the index. 
To predict direct response for the ith trait based on selection 
for a single trait and the correlated responses, this same equation, 
{(ib'G)-s- (b'Pb)"^ }, was used. However, the b value for the ith trait 
was set equal to one, while the b values of the other four traits were 
set equal to zero. This was done for all five traits. 
113 
Table 40. Phenotypic and genotypic matrices with variances and covari-
ances in standardized form 
0P12 aP13 0P14 0P15 
Al (a^ Pla^ P2)% 9  9  1 -(0^ P1G^ P3): 
0 9 u (0 Pla P4)2 9  9 k  (0 Pla P5)2 
aP12 2 a P2 aP23 aP24 0P25 
(a^ Pia^ P2)^  2 CT P2 9  9 k  (a^ P2a P3)' 
9  9 k  (0 P20 P4) : 9  9 k  (0 P20 P5) : 
api3 0P23 2 a P3 0P34 0P35 
( o^ pio^ ps)^  9  9  i -(a P 2 0  P3)2 2 0^ P3 (0^ P30^ P4)^  (0^ P30^ P5)^  
GP14 0 P 2 4  aP34 0^ 4 0P45 
9  9  î '  (o^ pia^ P4): 
9  9 k  
(0 P2a P4) : 9  9  k  (0 P30 P4): 0^ P4 
9  9 k  (0 P40 P5)2 
a? 15 0 P 2 5  ap35 0P45 2 0 P5 
9  9  1 '  (o pia P5) ^ 9  9  J «  (orp2a^ P5) 2 9  9  1 -(0 P30P5): 
9  9 k  (0^ P40 P5)2 2 0 P5 
0012 0G13 0G14 0G15 
" ' O^ Pl 
0  9  U  
(orpio^ P2): 9  9  1 -(0 PIO P3) = 9  9 k  (0 P10 P4) 2 (0^ Pla^ P5)^  
crG12 2 a  G 2  0G23 0024 0G25 
( o f p i o f p 2 ) ^  2  0^ P2 9  9 k  (0 P20 P3)2 (0^ P20^ P4)^  (0^ P20^ P5)^  
O G 1 3  0G23 2 0 G3 0G34 0G35 
9  7 k  (a Pia P3) 2 9  9  1 -(0^ P20^ P3) = 2 a P3 (0^ P30^ P4)'^  (0^ P30^ P5)^  
OG14 0G24 OG34 2 0  G4 0G45 
9  9  U  (a Pla P4)2 (a^ P2a^ P4)^  9  9 k  (0P30P4)^  2 0 P4 ,(a^ P40^ P5)^  
O G 1 5  O G 2 5  0G35 0045 2 0 05 
( a^ Pla^ PS)^  9  9 k  (O P2a P5)2 9  9 k  (0 P30P5): 
9  9 k  
(0^ P40 P5): 2 0 P5 
®1=RTLD; 2=STLD; 3=BRK; 4=H20; 5=YLD. 
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RESULTS AND DISCUSSION 
Analyses 
S2 lines 
Mean values and ranges of five plant and grain traits pooled over 
entries for S2 lines are reported in Table 41. The mean value (13.4%) 
and range (0.0-71.4%) of RTLD at Ames were greater than the mean value 
(3.2%) and range (0.0-43.2%) of STLD at Ankeny. Mean values of BRK 
(29.0%) and H20 (22.3%) at Ames were of slightly greater magnitude than 
mean values of BEK (24.9%) and H20 (19.3%) at Ankeny. Mean yield (53.2 
q/ha) at Ankeny was greater than mean yield (38.0 q/ha) at Ames. 
Combined analyses of variance for five plant and grain traits for 
BS1(HS)C1 S2 lines are presented in Table 42. (Individual environment 
analyses of variance for Ames and Ankeny are presented in Tables A24 
and A25, respectively.) Highly significant (p^ .Ol) differences among 
genotypes were observed for all traits. These analyses of variance 
illustrate that genetic variability existed among 82 lines for the five 
plant and grain traits evaluated; thus, genetic progress via selection 
should be possible. 
Genotype-by-environment interactions were highly significant for 
RTLD, STLD, H20, and YLD. The proportion of the genotype-by-environment 
interaction variance component (V^ g) to the genotype variance component 
(V ) of traits evaluated, an important factor for the development of 
G 
an effective testing program, was determined from the combined analyses 
of variance. Estimates of V and V for BS1(HS)C1 82 lines presented Cj vL 
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Table 41. Mean values and ranges of five plant and grain traits, pooled 













Ames Means 13.4 7.8 29.0 22.3 38.0 
Ranges 0.0-71.4 0.0-41.7 18.1-44.9 17.9-32. 7 8.1-69. 2 
Ankeny Means 3.2 9.6 24.9 19.3 53.2 
Ranges 0.0-43.2 0.0-44.6 9.3-46.7 16.1-26. 1 28.2-82. 1 
Combined Means 8. 3 8.7 26.9 20.8 45.6 
Ranges 0.0-43.2 0.0-42.0 15.1-43.4 17.1-27. 4 22.3-74. 1 
in Table 43 provided the relative magnitude of the variation sources. 
The proportions of V to V ranged from zero {V considered zero when (j£i Vj (jJCi 
SE(V„„)>V„„} to 155% for RTLD. Environmental differences had little 
KjEi Lrfj 
differential effect on S2 lines for physical grain quality. 
The efficiency of trait manipulation through selection depends on 
the magnitude of V_ in proportion to V„, and error variance. Lr b (jrh 
2 Variance component heritabilities (h ) that express this ratio are 
reported in Table 43. Heritability estimates, which are considered 
narrow sense but are biased by a factor of dominance variance (V^ ) times 
2 1/8, ranged from 0.49 (RTLD) to 0.86 (H20) with the h estimate for BRK 
equal to 0.57. 
Correlation analyses 
Phenotypic and genotypic correlation coefficients among five plant 
and grain traits were calculated to observe relationships between 
physical grain quality and other financially important traits of S2 lines. 
Table 42. Analyses of variance for five plant and grain traits for 90 BS1(HS)C1 S2 lines, data 
combined over environments in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Environments (E) 1 14072. 91 438. 51 483. 03 1223. 11 31316. ,16 
Sets (S) 5 1841. 47 225. 01 9. 56 15. 21 419. 56 
E X S 5 1702. 76 19. 03 51. ,31 8. 88 109. ,08 
Replicat ions/S/E 24 83. ,51 48, .08 9. 88 2. 77 61. ,90 
Genotypes/S 84 839. 35** 312. , 30** 44, 27** 31. ,15** 857, ,55** 
E X Genotypes/S 84 406. 92** 65, .47** 12, .12 3, .67** 128, .30** 
Error 336 71, .75 31, .44 14, 88 1, .31 54, .96 
C.V. (%) 102. 31 64, .79 14, .88 5, .49 16 .26 
M^ean squares were multiplied by 10 . 
**Significant at the 0.01 level of probability. 
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Table 43. Genotypic (V^ ) variances, genotype x environment (V ) vari­
ances, and heritability (h ) estimates with standard errors 
for BS1(HS)C1 S2 lines, data combined over environments in 1982 
Traits G^E h^  
RTLD 72.07+23.71 111.72+20.77 1.55 0.49+0. 16 
STLD 41. 14+8. 11 11.35+3.42 0.28 0. 75+0. 15 
BRK^  4.90+1.14 0.0 0.0 0.57+0. 13 
H20 4.58+0.80 0. 79+0.19 0. 17 0. 86+0. 15 
YLD 121.54+22.04 24.45+6.67 0.20 0. 82+0. 15 
a 3 Variance components were multiplied by 10 . 
Genotypic correlation coefficients were consistently of slightly greater 
magnitude than phenotypic correlation coefficients. Deviations of 
genotypic correlations from phenotypic correlations was attributed to 
environmental correlations. Differences between the estimates for one 
environment were attributed to error correlations and combined environ­
ments to genotype-by-environment interaction and error correlations. 
Subsequent discussions on the significance of relationships will apply 
to phenotypic correlation coefficients. 
Phenotypic and genotypic correlation coefficients of S2 lines, data 
combined over environments, are presented in Table 44. (Individual 
environment correlation coefficients are presented in Table A26.) A 
highly significant, positive .correlation between H20 and YLD indicated 
that genotypes with grain of higher harvest moisture were also higher 
in yield (YLD corrected to 15.5% harvest moisture). A significant 
(p£.05), negative correlation between STLD and YLD was obtained. 
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Table 44. Correlation coefficients among five plant and grain traits 
for 90 BS1(HS)C1 S2 lines, data combined over environments 
in 1982 (phenotypic _r values above and genotypic r values 
below the diagonal) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0. 017 -0. 123 0. 
00 
0.210 
STLD -0. 056 -0. 016 0. 026 -0.229* 
BRK -0. 262 -0. 008 0. 123 0.137 
H20 0. 233 0. 031 0. 156 0.316** 
YLD 0. 335 -0. 278 0. 239 0. 385 
* ** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Genotypes that had greater stalk lodging were also lower in yield, 
probably because of harvest losses. The correlation coefficient between 
BRK and YLD (r=0.137) indicated a positive relationship at an inflated 
confidence level (p<,20). Genotypes that had lower breakage levels 
(increased breakage resistance) had tendencies to produce lower yields. 
This relationship was affected by environmental differences because 
BRK and YLD were positively correlated (p<.15) at Ankeny and no rela­
tionship was observed at Ames (Table A26). 
S2 lines by B73 and M)17 testcross hybrids 
Mean values and ranges of five plant and grain traits pooled over 
entries for S2 lines by B73 and M)17 testcross hybrids are reported in 
Table 45. Mean values of RTLD (20.2%, B73; 16.5%, M017) and H20 (27.5%, 
Table 45. Mean values and ranges of five plant and grain traits, pooled over entries for testcross 


































































































MOI7) at Ames were higher than mean values of RTLD (3.9%, B73; 1.5%, 
MO 17) and H20 (21.2%, B73; 20.2%, M017) at Ankeny. Correspondingly, 
mean values of BRK (23.2%, B73; 19.9%, NO17) and YLD (96.8 q/ha, B73; 
86.6 q/ha, M017) at Ames were lower than mean values of BEK (30.6%, B73; 
28.5%, MO 17) and YLD (103.2 q/ha, B73; 90.6 q/ha, MO17) at Ankeny. Mean 
values for BRK (24.3%) and YLD (100.0 q/ha) of S2 lines by B73 testcross 
hybrids, data combined over environments, were larger than mean values 
for BRK (22.9%) and YLD (88.6 q/ha) of S2 lines by M017 testcross hybrids. 
Although there is an indication that breakage susceptibility and yielding 
ability are positively related on the basis of means, this can not be 
concluded because of confounding effects of environments and testers. 
Combined analyses of variance for five plant and grain traits for 
180 testcross hybrids—90 S2 lines, each crossed with B73 and M017—are 
presented in Table 46. (Individual environment analyses of variance 
for Ames and Ankeny are presented in Tables A27 and A28, respectively.) 
Highly significant differences among genotypes (hybrid entries) and S2 
lines were observed for all traits. Variation among genotypes was, at 
least in part, caused by differences between means of B73 and MO17 test-
cross hybrids (Table 45). Approximate F-tests calculated for testers 
as a source of variation, indicated highly significant differences be­
tween testers for the traits H20 and YLD. Because proportionately large 
tester-by-environment interaction and line-by-tester interaction mean 
squares were obtained, there was no significant difference between 
testers for BRK. However, highly significant differences between 
testers were obtained at the individual environments (Table A27 and A28). 
Table 46. Analyses of variance for five plant and grain traits for 180 testcross hybrid entries, 
data combined over environments in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Environments (E) 1 66452.11 2664.95 3884.72 9323.92 7169.48 
Sets (S) 5 3295.61 135.58 178.17 17.16 404.16 
E X S 5 3046.42 34.90 95.45 9.89 145.51 
Replications/S/E 24 330.47 24.22 11.78 3.10 120.82 
Genotypes (G)/S 174 483.97** 63.21** 33.05** 14.28** 649.35** 
Lines (L)/S 84 788.84** 104.21** 42.68** 18.77** 755.22** 
Testers (T)/S 6 501.33 43.57 94.82 91.29** 5983.22** 
L X T/S 84 176.72* 23.65** 19.02* 4.28** 162.49** 
E X G/S 174 284.80** 25.89** 13.35 2.67** 102.53 
E X L/S 84 469.53** 38.33** 11.66 3.30** 129.14* 
E X T/S 6 122.61 39.04** 47.15** 7.41** 159.76* 
E X L X T/S 84 111.65** 12.49 12.63 1.71 71.84 
Error 696 64.12 17.73" 13.67 1.83 92.67 
C.V. (%) 75.91 68.84 13.87 5.72 10.21 
SL 3 
Mean squares were multiplied by 10 . 
' Significant at the 0.05 and 0.01 levels of probably, respectively. 
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Observation of individual environmental and combined environmental means 
for B73 and M017 testcross hybrids indicated B73 contributed higher 
breakage susceptibility, harvest moisture, and yielding ability to hybrid 
progeny. Line-by-tester interactions were highly significant for STLD, 
H20, and YLD and significant for RTLD and BEK; consequently, lines did 
not perform relatively the same when mated to B73 and M017 indicating 
the presence non-additive gene action. Observation of means for BEK, 
H20, and YLD indicated that significant line-by-tester interactions were 
primarily caused by magnitudinal differences rather than directional 
differences. 
Highly significant genotype-by-environment interactions were 
obtained for RTLD, STLD, and H20. Line-by-environment interactions were 
highly significant for RTLD, STLD, and H20 and significant for YLD. 
Tester-by-environment interactions were highly significant for STLD, 
BRK, and H20 and significant for YLD. These environmental interaction 
terms indicated how the genotypes, lines, and testers performed over 
environments. However, because only two environments were utilized, 
the lack of a significant interaction did not prove conclusively that 
differences in performance over environments do not exist. 
Because significant line-by-tester interactions were obtained for 
all traits evaluated, B73 and M017 testcross hybrids were analyzed 
separately. Combined analyses of variance for five plant and grain 
traits for 90 S2 line by B73 and M017 testcross hybrids are presented 
in Tables 47 and 48, respectively. (Individual environment analyses 
for Ames and Ankeny B73 testcross hybrids are presented in Tables A29 
Table 47. Analyses of variance for five plant and grain traits for 90 B73 testcross hybrid entries, 
data combined over environments in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Environments (E) 1 36094. 23 944. 02 1582 .60 5256. 58 5421. 57 
Sets (S) 5 1875. 63 78. 18 72. 34 11. 92 149. 84 
E X S 5 1789. 83 40. 19 55. 05 8. ,53 243. ,52 
Replications/S/E 24 251. ,14 21. , 12 19. 54 4. ,81 119. ,31 
Genotypes (G)/S 84 591. .27** 52. ,06** 30. 27** 13. ,60** 412, .33** 
E X G/S 84 299. 91* 22. ,36** 14. 49 3. ,13** 96. ,62 
Error 336 69, .60 15, .59 14. 79 2, 06 95, .24 
C.V. .(%) 69, .10 67, ,68 14. 80 5, 89 9, .76 
e^an squares were multiplied by 10 . 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table 48. Analyses of variance for five plant and grain traits for 90 M017 testcross hybrid entries, 
data combined over environments in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Environments .(.E) 1 30476. 63 1787. 72 2331. ,86 4103. 02 2126. ,51 
Sets (S) 5 1519. 66 92. 63 126. ,52 10. 25 435. 10 
E X S 5 1379. 93 28. 18 91. ,03 3. ,11 17. ,98 
Repli cat ions/S/E 24 173. ,67 23. 83 5. ,29 1. 36 120. 15 
Genotypes (G)/S 84 375. ,38 75. 80** 31. ,42** 9. 45** 505. ,39** 
E X G/S 84 281. 23** 28. 47** 9. ,81 1. 88 104, .36 
Error 336 36. 49 19. ,64 12, .58 1, .51 88. 25 
C.V. (%) 83, .29 69. ,28 12, .99 5. ,36 10 .60 
a 3 
Mean squares were multiplied by 10 . 
Significant at the 0.01 level of probability. 
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and A30, respectively, and for Ames and Ankeny M017 testcross hybrids 
in Tables A31 and A32, respectively.) Highly significant differences 
among genotypes were observed for all traits of both testers, except 
RTLD of >D17 testcross hybrids. Genotype-by-environment interactions 
were highly significant for STLD and H20 and significant for RTLD for 
B73 testcross hybrids. Genotype-by-environment interactions were highly 
significant for RTLD and STLD for MO 17 testcross hybrids. 
Magnitudes of and and repeatability estimates (r) are pre­
sented in Table 49. The proportions of to ranged from zero 
{V„„ considered zero when SE(V„„)>V„„} to 158% (RTLD) for B/3 testcross 
hybrids and from zero to 477% (RTLD) for MO 17 testcross hybrids. 
Environmental differences had little effect on B73 and M017 testcross 
hybrids for physical grain quality. Repeatability estimates (r^ ) ranged 
from 0.53 (RTLD) to 0.89 (YLD) for B73 testcross hybrids and from 0.28 
(RTLD) to 0.89 (H20 and YLD) for MO 17 testcross hybrids. Calculated r^  
estimates of BRK were 0.74 and 0.80 for B73 and M017 testcross hybrids, 
respectively. 
Correlation analyses 
Phenotypic and genotypic correlation coefficients among traits of 
S2 line testcross hybrids were calculated. Genotypic correlation coef­
ficients were consistently of slightly greater magnitude than phenotypic 
correlation coefficients. Subsequent discussions on the significance 
of relationships will apply to phenotypic correlation coefficients. 
Phenotypic and genotypic correlation coefficients among traits of 
S2 lines in hybrid combinations combined over environments, data combined 
Table 49. Genotypic (Vç) variances, genotype x environment (V^ g) variances, and repeatability (r^ ) 
estimates with standard errors for testcross hybrids, data combined over environments in 
1982 
Traits Tester G^E VCE/VG t^ 
RTLD B73 48.56+17.61 76.77+16.04 1.58 0.53+0.19 
M017 15.69+12.46 74.91+15.02 4.77 0.28+0.21 
STLD B73 4.95+1.51 2.26+1.26 0.46 0.70+0.20 
MO 17 7.89+2.15 2.94+1.60 0.37 0.75+0.19 
BRK^  B73 2.63+0.79 0.0 0.0 0.74+0.23 
MO 17 3.60+0.82 0.0 0.0 0.80+0.21 
H20 B73 1.75+0.36 0.36+0.17 0.21 0.85+0.17 
M0I7 1.26+0.25 0.12+0.10 0.10 0.89+0.17 
YLD B73 52.62+10.76 0.0 0.0 0.89+0.18 
MO 17 66.84+13.12 0.0 0.0 0.89+0.18 
V^ariance components 3 were multiplied by 10 . 
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over testers, are presented in Table 50. (Individual environment corre­
lation coefficients, data combined over testers, are presented in Table 
A33. ) Mean squares and mean products of the lines source of variation 
were utilized to avoid confounding effects of testers. A significant, 
positive correlation between H20 and YLD indicated that genotypes with 
grain of higher harvest moisture were also higher in yield. A signifi­
cant, negative correlation between STLD and YLD was obtained. Genotypes 
that had greater stalk lodging were also lower in yield, probably because 
of harvest losses. There was a small, positive correlation (p<.15) 
between BRK and YLD. Genotypes that produced grain with increased 
breakage susceptibility had tendencies to produce greater yields. These 
relationships observed for S 2 lines in hybrid combinations correspond 
to those observed for S2 lines per se (Table 44). 
Because significant line-by-tester interactions were obtained for 
all traits evaluated (Table 46), individual phenotypic and genotypic 
correlation coefficients were calculated for B73 and MO 17 testcross 
hybrids combined over environments (Tables 51 and 52, respectively). 
(Individual environment correlation coefficients for B73 and MO 17 are 
presented in Tables A34 and A35, respectively.) Correlation coefficients 
between H20 and YLD of B73 (r=0.238) and MO 17 (r=0.210) testcross 
hybrids were of similar magnitude. There was a positive correlation 
(pC.15) between BRK and YLD and no relationship between BRK and H20 for 
B73 testcross hybrids. Conversely, there was a negative correlation 
(p<.20) between BRK and H20 and no relationship between BRK and YLD for 
MO17 testcross hybrids. The low level relationship between physical 
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Table 50. Correlation coefficients among five plant and grain traits 
for 90 BS1(HS)C1 S2 lines in hybrid combinations, data pooled 
over testers and environments in 1982 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.202 -0.123 0.210 0.042 
STLD 0.230 0.011 0.069 -0.231* 
BRK -0.323 0.054 -0.140 0.149 
H20 0.363 0. 126 -0.149 0.261* 
YLD 0.065 -0.267 0. 169 0.355 
Significant at the 0.05 level of probability. 
Table 51. Correlation coefficients among five plant and grain traits 
for 90 B73 testcross hybrid entries, data combined over envi­
ronments in 1982 (phenotypic _r values above and genotypic 2 
values below the diagonal) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.207 -0.042 0. 123 0.028 
STLD 0.314 0.099 0.061 -0.121 
BRK -0.155 0.296 -0.059 0.208 
H20 0.203 0.172 -0.099 0.238* 
YLD 0.082 -0.092 0. 401 0.409 
Significant at the 0.05 level of probability. 
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Table 52. Correlation coefficients among five plant and grain traits 
for 90 M017 testcross hybrid entries, data combined over envi­
ronments in 1982 (phenotypic ^  values above and genotypic jc 
values below the diagonal) 
Traits 
Traits RLTD STLD BRK H20 YLD 
RTLD 0.132 -0.005 0.204 0. 061 
STLD 0.000 -0.011 0.009 -0. 280** 
BRK -0.044 -0.051 -0. 155 0. 068 
H20 0.449 0.020 -0.262 0. 210 
YLD 0.216 -0.372 0.017 0.299 
* 
Significant at the 0.01 level of probability. 
grain quality and yield ability of S2 line testcross hybrids was 
dependent on harvest moisture and/or the inbred line tester utilized. 
Simple correlation coefficients between means of S2 lines per se, 
data combined over environments, and S2 lines in hybrid combinations, 
data combined over environments and testers, are presented in Table 53. 
(Correlation coefficients for S2 lines at individual environments with 
hybrids, data combined over testers, for individual and combined envi­
ronments, are presented in Tables A36 to A39.) Because S2 lines and 
S2 line testcross hybrids were grown in the same environment, simple 
correlations are confounded by environmental correlations. 
The correlation coefficient between mean values of a trait in the 
S2 lines with the same trait in the 52 line testcross hybrids represents 
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Table 53. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries, data combined over environments in 
1982 with 180 S2 line testcross hybrid entires, data combined 
over inbred testers and environments in 1982 (S2 line traits 
on the horizontal axis and the S2 line testcross traits on the 
vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.654** 0.011 -0.083 0.136 0.057 
STLD 0.062 0.576** -0.003 0. 121 0.027 
BEK 
CO CM t—1 o
 1 0.167 0.537** 0.009 0.066 
H20 0. 186 -0.006 -0.033 0.727** 0. 163 
YLD 0. 102 -0.190 0. 152 0.237* 0.526** 
* ** 
' Significant at the 0.05 and 0.01 level of probability, 
respectively. 
the accuracy for the prediction of the S2 line testcross hybrid mean 
trait value from the S2 line mean trait value. These predictive values 
ranged from 0.526 (YLD) to 0.727 (H20). The correlation for BEK (0.537) 
indicates that S2 line means would have predictive value for S2 line 
testcross hybrids. The correlation coefficient obtained between S2 
lines per se and S2 line testcross hybrids for BRK with YLD was r=0.152. 
Although this correlation indicates no predictive value, selection for 
superior physical quality among S2 lines could yield detrimental effects 
to the yielding ability of 82 line testcross hybrids. 
Simple correlation coefficients between means of S2 lines per se 
and S2 line by B73 and MO 17 testcross hybrids are presented in Tables 
54 and 55, respectively. (Correlation coefficients for S2 lines at 
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Table 54. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries, data combined over environments in 1982 
with 90 82 line by B73 testcross hybrid entries, data combined 
over environments in 1982 .(S2 line traits on the horizontal 
axis and the S2 line by B73 testcross traits on the vertical 
axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.607** 0.020 -0.069 0.126 0.112 
STLD 0.069 0.447** -0.041 0.023 0.085 
BRK -0.184 0.196 0.419** -0.024 0.004 
H20 0.208* 0.070 -0.015 0.649** 0.149 
YLD 0.059 -0.075 0.116 0.246* 0.392** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table 55. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries, data combined over environments in 1982 
with 90 82 line by M017 testcross hybrid entries, data combined 
over environments in 1982 (82 line traits on the horizontal 
axis and the 82 line by M017 testcross traits on the vertical 
axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.600** -0.001 -0.086 0. 126 -0.020 
STLD 0.046 0.584** 0.029 0. 182 -0.026 
BRK -0.041 0.085 0.488** 0.038 0.102 
H20 0.121 -0.096 -0.047 0.669** 0.144 
YLD 0.122 -0.258* 0.157 0. 187 0.552** 
*,** Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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individual environments with hybrids, data for individual testers, for 
individual and combined environments, are presented in Tables A40 to 
A47.) Relationships between traits were in close agreement with rela­
tionships obtained from analyses of data combined over testers. 
Correlation coefficients of S2 lines per se traits with S2 line test-
cross hybrid traits were independent of the tester utilized. 
Johnson and Russell (1982) proposed using endosperm type (described 
previously in Part I) of inbred parents to predict resistance to break­
age in hybrid combinations. Because of this proposal and the fact that 
many breeders tend to select in the direction of flinty phenotypes, the 
relationship between endosperm type and yielding ability was determined. 
A correlation of 0.176 was obtained between the means of 90 S2 lines 
for RATE (data from Part I) and the means of 90 S2 line testcross hybrids, 
data combined over testers and environments. Although this correlation 
was small, there was a slight relationship of S2 line genotypes with 
flinty kernels to produce S2 line testcross hybrids with lower yielding 
ability. 
Index selection 
A Smith-Hazel index was formulated to allow selection of phenotypes 
that have the greatest worth and to predict gains from selection. 
Undesirable correlations, such as YLD with BRK and YLD with H20 (Table 
50), made it necessary to restrict changes in these traits. Selection 
and predicted gains were based on the mean performance of S2 lines in 
hybrid combinations, data combined over testers and environments. 
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Using relative 'economic' weights of -0.5 (RTLD), -0.5 (STLD), -1.0 
(BRK), -0.5 (H20), and 1.0 (YLD), index weights (b values) were calcu­
lated (Table 56). Greatest weights were assigned for BRK ,(-0.78) and 
YLD (0.77), with lesser weights assigned for STLD (-0.49), H20 (-0.42) 
and RTLD (-0.07). Predicted gains from Smith-Hazel Index selection (GSH) 
and from individual trait selection (GI) are presented in Table 57. 
Efficiency of the Smith-Hazel Index (GSH/GI x 100) was 73.2 and 52.7% 
for BRK and YLD, respectively. Efficiency for STLD (79.0%) was high 
and for H20 (8.8%) was low, in part, because of correlations with YLD 
(Table 49). An estimated indirect response of -1.70 q/ha for YLD was 
obtained when BRK was the only trait of selection. This indicates that 
a minor reduction of yielding ability can be associated with selection 
for superior physical quality grain. 
Based on performance in hybrid combinations, S2 lines were ranked 
within sets according to index value (Table A48). Rankings of individual 
traits illustrate the phenotypic performance of 8 2 lines in hybrid combi­
nations for traits considered separately. 
General Discussion 
Highly significant differences among S2 lines determined from the 
combined environment analyses of variance indicated that genetic vari­
ability exists in BS1(HS)C1 for the five plant and grain traits evalu­
ated; thus, genetic progress via selection should be possible. The trait 
BRK was of primary interest because it estimates the vulnerability of 
grain to physical injury during handling and transport. 
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Table 56. Weights (b values) for five traits in the Smith-Hazel index, 
calculated from data combined over testers and environments 
in 1982 
Traits b Values 
RTLD -0. 07 
STLD -0. 49 
BRK -0. 
00 
H20 -0. 42 
YLD 0. 77 
Table 57. Predicted gain from individual trait selection (GI) compared 
to predicted gain from Smith-Hazel index selection .(GSH) for 
five traits 
Traits GI GSH 
Index efficiency 







-3.28 -2.59 79.0 
BRK 
% 
-6.65 -4.87 73.2 
H20 
% 
-1.82 -0.16 8 .8  
YLD 
q/ha 
11.57 6.10 52.7 
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Genotype-by-environment interactions were highly significant for 
all S2 line traits except BRK. The magnitude of the genotype-by-
environment interaction variance relative to the genotypic variance 
was of interest to determine the extent of environmental testing 
necessary. Estimated genotype-by-environment variance components were 
155 (RTLD), 28 (STLD), 0 (BRK), 17 (H20), and 20% (YLD) as large as the 
estimated genotypic variance components. The data indicated that pre­
liminary evaluations of S2 lines for breakage resistance conducted in 
one environment may be adequate. However, this conclusion is based on 
data from only two environments. Variance-component heritability esti­
mates indicated a relatively high probability of making genetic progress 
for all traits evaluated. 
Highly significant differences among testcross hybrids were deter­
mined from the combined environment analyses of variance for the five 
plant and grain traits evaluated. Partition of the variation among 
testcross hybrids showed that highly significant variation could be 
attributed to S2 lines for all traits and testers for the traits H20 and 
YLD. Although there were no significant differences between testers for 
BRK in the combined analysis of variance, highly significant differences 
between testers were obtained in individual environment analyses. 
Observation of B73 and M017 testcross hybrid mean values indicated that 
B73 contributed higher breakage susceptibility, harvest moisture, and 
yielding ability. Line-by-tester interactions were highly significant 
for STLD, H20, and YLD and significant for RTLD and BRK; consequently, 
lines did not perform relatively the same when mated to B73 and M017, 
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indicating the presence of non-additive gene action. Because the means 
of S2 lines and S2 line testcross hybrids for BRK were similar in 
magnitude, the presence of non-additive gene action could be the con­
sequence of bi-directional dominance. 
The magnitudes of the genotype-by-environment interaction variance 
relative to the genotypic variance were determined from combined environ­
ment analyses of variance. The estimated genotype-by-environment 
variance components, data for individual inbred testers, were 0 to 21% 
as large as the estimated genetic components of variance for BRK, H20, 
and YLD. Based on data from only two environments, results indicated 
that evaluations of S2 lines in hybrid combinations for breakage resis­
tance in one environment may be adequate. Genotype-by-environment 
interactions may prove to be more important for BRK evaluation utilizing 
data from more locations or different years. Repeatability estimates, 
a function of genotype-by-environment interactions, indicated a rela­
tively high probability of making genetic progress for all traits evalu­
ated, except for RTLD. 
The S2 line and S2 line testcross hybrid correlation analyses 
illustrated important relationships among economically important agro­
nomic traits during early inbreeding and early generation testing of S2 
lines in hybrid combinations. Significant, positive correlations between 
H20 and YLD indicated that genotypes with grain of higher harvest mois­
ture were also higher in yield. The correlation coefficients between 
BRK and YLD (r=0.137, S2 lines; r=0.149, S2 line hybrids) indicated a 
positive relationship at a restricted confidence level. Genotypes that 
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produced grain with decreased breakage levels (increased breakage 
resistance) also had tendencies to produce lower yields. 
Simple correlation coefficients between means of S2 lines and S2 
line testcross hybrids estimated the accuracy for the prediction of the 
S2 testcross hybrid mean trait values by the S2 line mean trait values. 
The trait-to-trait correlations indicated that trait means of S2 lines 
would have predictive value for the same traits in the S2 line testcross 
hybrids. The correlation obtained between S2 line BRK and hybrid 
YLD (r=0.152) indicated no predictive value. However, selection for 
superior physical quality among S2 lines could produce detrimental 
effects to the yielding ability of the resulting hybrids. 
Johnson and Russell (1982) proposed using endosperm type of inbred 
parents to predict breakage resistance in hybrids. Because of this 
proposal and the fact that many breeders tend to select in the direction 
of flinty phenotypes, the relationship between endosperm type of S2 line 
parents and yielding ability of hybrids was desired. A simple correla­
tion coefficient of 0.176 was obtained, indicating a slight relationship 
of S2 line genotypes with flinty kernels to produce S2 line testcross 
hybrids with lower yield. 
Because the data indicated a weak, positive relationship between 
grain breakage and grain yield, selection for breakage resistance should 
be accompanied by selection for grain yield. The rate of progress for 
improved physical grain quality, however, would be expected to be less 
with this additional selection criterion. Utilizing a Smith-Hazel 
index with BRK and YLD assigned the highest economic weights. 
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simultaneous improvement of all traits evaluated was estimated to be 
0.0 (RTLD), 79.0 (STLD), 73.2 (BRK), 8.8 (H20), and 52.7% (YLD) as 
efficient as individual trait selection. Depending on breeder's goals, 
the amount of emphasis on each trait would vary. A minor reduction in 
yielding ability associated with selection for superior physical grain 
quality was indicated by an estimated indirect response of -1.70 q/ha 
for YLD when BRK was the only trait of selection. 
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SUMMARY 
The introduction of high-speed harvesting equipment, drying systems, 
and grain transfer equipment has resulted in larger quantities of grain 
moving through marketing channels to be of inferior physical quality. 
Associated with physically damaged grain are many problems that cause 
financial losses to producers, shippers, processors, and ultimate users 
of maize grain. The amount of physical grain damage influences numerical 
grade, storability, processability, handling ability, and nutritional 
value. 
There has been much effort to adopt changes in the U.S. Grades and 
Standards that would provide producers with financial incentives to 
utilize techniques conducive to delivering a superior market-quality 
product. Agricultural engineers have conducted much research to design 
and develop harvest combines, drying systems, and handling equipment that 
apply less stress on grain. Efforts to develop a more pliable, breakage-
resistant grain type via genotype modification has been minimal because 
of the absence of financial incentives for farmers to produce a superior 
product, and the inheritance of physical grain quality is not fully 
understood. The general objective of this study was to determine the 
potential for selection of genotypes that produce grain resistant to 
physical injury. 
The genetic materials evaluated were SI and S2 lines derived from 
BSI7 and BS1(HS)C1 and S2 lines derived from BS1(HS)C1 in hybrid combina­
tions with B73 and M017. Eight plant and grain traits (kernel shear 
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strength, visual endosperm rating, date of anthesis, harvest moisture, 
grain breakage, 300-kernel weight, 300-kernel volume, and kernel density) 
of BS17 SI and S2 lines were evaluated in 1979 and 1980, respectively, 
and of BS1(HS)C1 SI and S2 lines in 1980 and 1981, respectively. Lines 
were evaluated at the Iowa State University Research Stations near Ames 
and Ankeny, Iowa (visual endosperm rating and date of anthesis were 
evaluated only at Ames). Five plant and grain traits (root lodging, 
stalk lodging, grain breakage, harvest moisture, and grain yield) of 
BS1(HS)C1 52 lines and 52 line testcross hybrids were evaluated in 1982 
at Ames and Ankeny. 
Highly significant differences among genotypes (SI lines, S2 lines, 
and S2 line testcross hybrids) for all traits were obtained from combined 
environment analyses of variance. Estimated genotype-by-environment 
variance components for physical grain quality traits were 0 to 66% 
as large as the estimated genotypic variance components. Variance 
component heritability estimates (entry mean basis) for grain breakage 
ranged from 0.48 to 0.67, which were lower in magnitude than heritability 
estimates for all other plant and grain traits evaluated except shear 
strength and root lodging. These analyses illustrated that genetic 
variability exists for the plant and grain traits evaluated in BS17 
and BS1(HS)C1, and all traits except shear strength and root lodging 
are relatively highly heritable; thus, genetic progress via selection 
should be highly probable. 
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Highly significant differences between tester genotypes for the 
traits grain breakage, harvest moisture, and grain yield evaluated at 
individual environments and observation of individual environment tester 
means indicated that B73 contributed higher grain breakage susceptibility, 
harvest moisture, and grain yield to the testcross hybrids than did M017. 
A highly significant line-by-tester interaction for grain breakage 
susceptibility illustrated that S2 lines did not perform relatively the 
same when mated to B73 and M017, indicating the presence of non-additive 
gene action. Because the means of S2 lines and S2 line testcross hybrids 
for grain breakage were similar in magnitude, the presence of non-
additive gene action may be the consequence of bi-directional dominance. 
The SI and S2 line correlation analyses illustrated important rela­
tionships among physical grain and agronomic traits. Grain of larger 
size tended to be less dense and more susceptible to physical injury. 
Most importantly, grain resistant to breakage tended to be smaller, 
denser, and higher in shear strength. The data of S2 lines and S2 line 
testcross hybrids indicated that genotypes with breakage-resistant grain 
also had slight tendencies to produce lower yields. 
The optimum harvest moisture range for physical grain quality 
preservation was 19 to 26%. Below this range, decreasing harvest mois­
tures resulted in increased breakage susceptibility, whereas above this 
range, increasing harvest moistures resulted in increased breakage 
susceptibility. 
Simple correlation coefficients of SI line means with S2 line means 
and of S2 line means with S2 line testcross hybrid means estimated the 
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accuracy for the prediction of S2 line and S2 line testcross hybrid mean 
trait values by the SI and 82 line mean trait values, respectively. 
The trait-to-trait correlations indicated that trait means of SI and S2 
lines would have predictive value for the same traits in the S2 lines and 
S2 line testcross hybrids, respectively. Earlier flowering SI line geno­
types with smaller, denser kernels of lower harvest moisture tended to 
produce S2 line genotypes with grain more resistant to physical damage. 
Conversely, the data indicated that selection of 81 line genotypes with 
breakage-resistant grain could result in earlier flowering 82 line geno­
types with smaller kernels. A small, positive correlation between 82 line 
breakage susceptibility and S2 line testcross hybrid yield (r=0.152) 
indicated that selection for superior physical quality among 82 lines 
could produce detrimental effects to the yielding ability of the S2 line 
testcross hybrids. 
Using selection of correlated traits to influence physical grain 
quality has been suggested (Johnson and Russell, 1982). Utilizing 81 
and 82 line data, indirect selection compared to direct selection for 
grain breakage resistance was estimated to be 38 to 71% as effective 
when using 300-kernel weight, 300-kernel volume and kernel density as 
traits of selection. Because devices have been developed that rapidly 
determine breakage susceptibility of grain, SI line breakage was deter­
mined to be the most efficient evaluation technique to predict S2 line 
breakage. 
Because the data indicated a weak, positive relationship between 
grain breakage and grain yield, selection for breakage resistance should 
143 
be accompanied by selection for grain yield. The rate of progress for 
improved physical grain quality, however, would be expected to be less 
with this additional selection criterion. Depending on breeders' goals, 
the amount of emphasis on each trait will vary. The emphasis placed on 
breakage resistance will increase as financial incentives become 
employed in the grain marketing industry. 
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Listings of BS17 S2 line materials 
Pedigree Pedigree Pedigree 
number Entry number Entry number 
(2610-) number (2610-) number (2610-) 
1—1—1 38 3-38-1 70 4-70-1 
1-2-1 39 3-39-1 71 4-71-1 
1-3-1 40 3-40-1 72 4-72-1 
1—4— 1 41 3-41-1 73 4-73-1 
1-5-1 42 3-42-1 74 4—74— 1 
1-7-1 43 3-43-1 75 4-75-1 
1-8-1 44 3-44-1 76 4-76-1 
1-9-1 45 3-45-1 77 4-77-1 
2-10-1 46 3-46-1 78 4-78-1 
2-11-1 47 3-47-1 79 4-79-1 
2-12-1 48 3—48—1 80 4—80—1 
2-13-1 49 3-49-1 81 4— 81—1 
2-14-1 50 3-50-1 82 4-82-1 
2-15-1 51 3-51-r 83 4-83-1 
2-16-1 52 3-52-1 84 4—84—1 
2-17-1 53 3-53-1 85 4— 85—1 
2-18-1 54 3-54-1 86 4—86—1 
2-19-1 55 3-55-1 87 4-87-1 
3-21-1 56 4-56-1 88 4—88—1 
3-22-1 57 4-57-1 89 4-89-1 
3-23-1 58 4-58-1 90 4-90-1 
3-24-1 59 4-59-1 91 5-91-1 
3-25-1 60 4—60—1 92 5-92-1 
3-28-1 61 4-61-1 93 5-93-1 
3-30-1 62 4-62-1 94 5-94-1 
3-31-1 63 4—63—1 95 5-95-1 
3-32-1 64 4—64—1 96 5-96-1 
3-33-1 65 4-65-1 97 5-97-1 
3-34-1 66 4—66—1 98 4-98-1 
3-35-1 67 4-67-1 99 5-99-1 
3-36-1 68 4—68—1 100 5-100-1 
3-37-1 69 4-69-1 
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Listings of BS1(HS)C1 S2 line materials 
Pedigree Pedigree Pedigree 
number Entry number Entry number 
(2060-) number (2060-) number (2060-) 
1-1-1 35 3-35-1 69 3-69-1 
1-2-1 36 3-36-1 70 4-70-1 
1-3-1 37 3-37-1 71 4— 71—1 
1—4— 1 38 3-38-1 72 4-72-1 
1-5-1 39 3-39-1 73 4-73-1 
1-6-1 40 3-40-1 74 4-74-1 
1-7-1 41 3-41-1 75 4-75-1 
1-8-1 42 3-42-1 76 4-76-1 
1-9-1 43 3-43-1 77 4-77-1 
1—10— 1 44 3-44-1 78 4-78-1 
2-11-1 45 3-45-1 79 4-79-1 
2-12-1 46 3-46-1 80 4— 80—1 
2-13-1 47 3-47-1 81 4— 81— 1 
2—14— 1 48 3-48-1 82 4—82—1 
2-15-1 49 3-49-1 83 4—83—1 
2-16-1 50 3-50-1 84 4—84—1 
2-17-1 51 3-51-1 85 4—85—1 
2-18-1 52 3-52-1 86 4— 86— 1 
2-19-1 53 3-53-1 87 4-87-1 
2-20-1 54 3-54-1 88 4—88—1 
2-21-1 55 3-55-1 89 4-89-1 
2-21-1 56 3-56-1 90 4-90-1 
2-23-1 57 3-57-1 91 5-91-1 
2-24-1 58 3-58-1 92 5-92-1 
2-25-1 59 3-59-1 93 5-93-1 
2-26-1 60 3-60-1 94 5-94-1 
2-27-1 61 3-61-1 95 5-95-1 
2-28-1 62 3-62-1 96 5-96-1 
2-29-1 63 3-63-1 97 5-97-1 
2-30-1 64 3-64-1 98 5-98-1 
2-31-1 65 3-65-1 99 5-99-1 
3-32-1 66 3-66-1 100 5-100-1 
3-33-1 67 3-67-1 
3-34-1 68 3-68-1 
Table A5. Analyses of variance for eight plant and grain traits for 100 BS17 SI lines evaluated at 
Ames in 1979 
Source d£ SHR^  RATE DATE H20 BRK^  WT VOL DEN^  
Replications 2 221. ,82 1. 27 50 .92 6 .98 145. 67 40 .95 7. 38 2 .54 
Genotypes 99 76, .54** 2. 51** 7 .31 11 .07** 10. 01** 118 .61** 82, ,30** 1 .42** 
Error 198 38, .69 0. 30 5 .68 2 .02 5. 36 17 .06 12, .77 0 .54 
C.V. (%) 10 .75 18. 17 7 .04 5 .39 62 1.3 5 .12 5, .26 1 .96 
e^an squares were multiplied by 10 
Mean squares were multiplied by 10 . 
* 
Significant at the 0.01 level of probability. 
Table A6. Analyses of variance for six grain traits for 100 BS17 SI lines evaluated at Ankeny in 
1979 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Replications 2 170. 29 w
 00
 
77 104. ,85 24. 
00 
16. ,10 1. 25 
Genotypes 99 75. 06* 6, ,37** 19. 00* 81, .41** 67. ,60** 1. ,87** 
Error 198 54. 19 2. ,20 13. 23 30, .05 24. ,06 1, .10 
C.V. (%) 9, .50 6, .22 9 .81 6, .46 6, .89 2 .78 
e^an squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A7. Analyses of variance for eight plant and grain traits for 95 BS17 S2 lines evaluated at 
Ames in 1980 
Source df SHR^  RATE DATE H20 BRK^  WT VOL DEN^  
Replications 2 1401. ,96 1. ,52 36. 67 0. 15 25. 57 206. ,26 47. ,07 7. ,49 
Genotypes 94 74, .37* 1, .91** 29. ,12** 19. ,57** 6. ,33** 66, .60** 56, .03** 1, .31** 
Error 188 54. 80 0, .29 3. ,25 6. 43 2. 69 19 .43 16, .04 0 .48 
C.V. (%) 8 .33 17 .58 7, 93 9 .48 4 .54 5 .41 5 .88 1 .83 
e^an squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
A 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A8. Analyses of variance for six grain traits for 95 BS17 S2 lines evaluated at Ankeny in 
1980 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Replications 2 906. 58 0. ,96 5. ,34 31. 92 13. 01 2. 16 
Genotypes 94 96, .35* 19, .73** 10. 09** 155. 94** 129. ,15** 2, ,22** 
Error 188 65. 88 1, .92 2. 04 18. 63 13. 52 0. 86 
C.V. (%) 9 .32 7 .67 4, .10 5, .31 5, .50 2 .41 
M^ean squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A9. Analyses of variance for eight plant and grain traits for 100 BS1(HS)C1 SI lines evaluated 
at Ames in 1980 
Source df SHR^  RATE DATE H20 BRK^  WT VOL DEN^  
Replications 2 28.35 0.58 21.49 0.50 72.32 257.75 107.30 2.46 
Genotypes 99 55.30 1.62** 9.72** 9.30** 4.35** 70.22** 56.20** 1.20** 
Error 198 57,04 0.29 1.63 2.87 2.17 19.48 15.87 0.60 
C.V. (%) 9.17 18.63 7.99 6.84 4.26 5.09 5.63 2.00 
e^an squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
Significant at the 0.01 level of probability. 
Table AlO. Analyses of variance for six grain traits for 100 BS1(HS)C1 SI lines evaluated at Ankeny 
in 1980 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Replications 2 1830. 16 4. ,44 35. 13 7. ,54 23. 17 11. ,72 
Genotypes 99 93. 53** 6, ,56** 15. ,93** 165. ,65** 129. 89** 1. ,53** 
Error 198 63. ,13 1. ,72 7. 64 22. ,28 16. ,56 0, .29 
C.V. (%) 9, .32 8, 16 8, .20 5 .43 5, ,81 1 .38 
e^an squares were multiplied by 10 
M^ean squares were multiplied by 10^ . 
* A 
Significant at.the 0.01 level of probability. 
Table All. Analyses of variance for eight plant and grain traits for 100 BS1(HS)C1 S2 lines 
evaluated at Ames in 1981 
Source df SHR^  RATE DATE H20 BRK^  WT VOL DEN^  
Replications 2 1391, ,45 0. 25 24. ,50 6. ,08 52. 36 160. ,12 145. ,16 0. 30 
Genotypes 99 191, .73* 2, .28** 26, .37** 14. ,59** 9. ,19** 107. 51** 87. ,61** 1. ,92** 
Error 198 139, .98 0, .23 1, .73 3, .26 3. ,43 27. 93 25, .26 0. ,93 
C.V. (%) 13 .88 16 .02 5 .91 7 .08 5 .97 6, .69 7 .42 2 .61 
Mean squares were multiplied by 10 
'Mean squares were multiplied by 10^ . 
: ** 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A12. Analyses of variance for six grain traits for 100 BS1(HS)C1 S2 lines evaluated at Ankeny 
in 1981 
Source df SHR^  H20 BRK^  WT VOL DEN^  
Replications 2 436. ,76 12. ,04 52. ,46 67. ,79 120. ,89 5. 51 
Genotypes 99 286. ,11** 30. ,96** 28. ,62** 348. ,29** 299, .35** 3. 12** 
Error 198 118. ,73 2, .48 6. 99 29, .74 23. 01 0. 74 
C.V. (%) 11 .53 6 .73 7, .89 5, .99 6, .35 2, .26 
M^ean squares were multiplied by 10 
Mean squares were multiplied by 10 . 
A* 
Significant at the 0.01 level of probability. 
Table A13. Correlation coefficients among seven plant and grain traits for 100 BS17 SI lines 
evaluated at Ames in 1979 (phenotypic r^  values above and genotypic 2 values below 
the diagonal) 
Traits^  
Traits SHR RATE H20 BRK WT VOL DEN 
SHR -0.350** 0.156 -0.181 0.306** 0,215* 0.409** 
RATE -0.504 0.045 -0.133 -0.303** -0.179 -0.546** 
H20 0.266 0.042 0.229* 0.153 0.195 -0.163 
BRK -0.491 -0.187 0.357 0.174 0.161 0.060 
WT 0.444 -0.330 0.182 0.268 0.973** 0.181 
VOL 0.300 -0.204 0.227 0.253 0.980 -0.051 
DEN 0.754 -0.663 -0.205 0.076 0.205 0.010 
D^ATE not presented because of data collection error. 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A14. Correlation coefficients among eight plant and grain traits for 95 BS17 S2 lines 
evaluated at Ames in 1980 (phenotypic _r values above and genotypic 2 values below 
the diagonal) 
Traits 
Traits • SHR RATE DATE H20 BRK WT VOL DEN 
SHR -0.258* 0.141 0.328** 0.120 0.279** 0.183 0.230* 
RATE -0.449 -0.167 0.065 -0.061 0.083 0.209* —0.496** 
DATE 0.259 -0.201 0.400** 0.380** 0.137 0.204* -0.253* 
H20 0.628 0.102 0.532 0.248* 0.272** 0.290** -0.142 
BRK 0.343 -0.117 0.492 0.279 0.514** 0.531** -0.229* 
WT 0.501 0.121 0.146 0.286 0.593 0.965** -0.196* 
VOL 0.285 0.276 0.226 0.307 0.580 0.972 -0,444** 
DEN 0.524 —0.660 -0.306 -0.172 -0.149 -0.228 -0.460 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A15. Correlation coefficients among seven plant and grain traits for 100 BS1(HS)C1 SI lines 
evaluated at Ames in 1980 (phenotypic ^  values above and genotypic r^  values below the 
diagonal) 
Traits^  
Traits RATE DATE H20 BRK WT VOL DEN 
RATE 0.075 0.123 0.293** 0.073 0.169 -0.369** 
DATE 0.098 0.559** 0.128 0.033 0.067 -0.143 
H20 0.164 0.725 0.368** 0.216* 0.259** -0.237* 
BRK 0.430 0.233 0.471 0.454** 0.531** -0.442** 
WT 0.074 0.068 0.260 0.587 0.966** -0.213* 
VOL 0.191 0.115 0.305 0.690 0.977 -0.459** 
DEN -0.534 -0.246 -0.305 -0.684 -0.303 -0.501 
S^HR not presented because of non-significance (p>.05) in the ANOVA. 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A16. Correlation coefficients among eight plant and grain traits for 100 BS1(HS)C1 S2 lines 
evaluated at Ames in 1981 (phenotypic ^  values above and genotypic values below the 
diagonal) 
Traits 
Traits SHR RATE DATE H20 BRK •WT VOL DEN 
SHR -0.278** 0.088 0.000 -0.237* 0.013 -0.099 0.412** 
RATE -0.550 0.123 0.134 0.176 0.015 0.150 -0.511** 
DATE 0.145 0.134 0.402** 0.201* -0.128 -0.071 -0.194 
H20 -0.028 0.148 0.464 0.288** 0.254* 0.285** -0.149 
BRK -0.628 0.240 0.231 0.325 0.254* 0.334** -0.354** 
WT -0.017 0.024 -0,160 0.270 0.330 0.964** -0.049 
VOL -0.224 0.188 -0.097 0.289 0.416 0.974 -0.311** 
DEN 0.901 -0.736 -0.266 -0.096 -0.432 -0.023 -0.246 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table A17. Correlation coefficients among six grain traits for 100 BS17 
SI lines evaluated at Ankeny in 1979 (phenotypic r^  values 
above and genotypic £ values below the diagonal) 
Traits 
Traits SHR H20 BRK WT VOL DEN 
SHR 0.233* -0.095 0.111 0.052 0.203* 






BRK -0.395 -0.055 0.150 0.146 -0.064 
WT 0.217 0.059 0.355 0.974** -0.413** 
VOL 0.068 0.105 0.337 0.975 -0.578** 
DEN 0.619 -0.217 -0.208 -0.295 -0.497 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A18. Correlation coefficients among six grain traits for 95 BS17 S2 
lines evaluated at Ankeny in 1980 (phenotypic r^ values above 
and genotypic £ values below the diagonal) 
Traits 
Traits SHR H20 BRK WT VOL DEN 
SHR 0.124 -0.035 0.133 0.103 0.074 
H20 0.176 -0.331** 0.333** 0.358** -0.233* 
BRK -0.142 -0.370 0.350** 0.398** -0.367** 
WT 0.197 0.348 0.378 0.976** -0.329** 
VOL 0.145 0.392 0.412 0.987 -0.523** 
DEN 0.144 -0.310 -0.410 -0.506 -0.634 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A19. Correlation coefficients among six grain traits for 100 
BS1(HS)C1 SI lines evaluated at Ankeny in 1980 (phenotypic £ 
values above and genotypic jr values below the diagonal) 
Traits 
Traits SHR H20 BRK WT VOL DEN 
SHR 0.177 -0.297** -0.021 -0.056 0.186 
H20 0.268 -0.273** 0.117 0.141 -0.183 
BRK -0.726 -0.387 0.322** 0.359** -0.347** 
WT -0.021 0.088 0.469 0.984** -0.409** 
VOL -0.096 0.114 0.506 0.986 -0.565** 
DEN 0.398 -0.186 -0.439 -0.458 -0.601 
Significant at the 0.01 level of probability. 
Table A20. Correlation coefficients among six grain traits for 100 
BS1(HS)C1 82 lines evaluated at Ankeny in 1981 (phenotypic r_ 
values above and genotypic £ values below the diagonal) 
Traits 
Traits SHR H20 BRK WT VOL DEN 
SHR 0.160 -0.207* 0.021 -0.071 0.437** 
H20 0.199 0.272** 0.281** 0.299** -0.238* 
BRK -0.279 0.317 0.399** 0.483** -0.610** 
WT 0.015 0.277 0.466 0.981** -0.388** 
VOL -0.092 0.290 0.553 0.984 -0.557** 
DEN 0.567 -0.240 -0.732 -0.467 -0.613 


































Listings of BS1(HS)C1 S2 line materials 
Pedigree Pedigree Pedigree 
number Entry number Entry number 
(2060- number (2060- number (2060-) 
1-1-1 35 3-39-1 69 4-75-1 
1-2-1 36 3-40-1 70 4— 76—1 
1-4-1 37 3-41-1 71 4-78-1 
1-5-1 38 3-42-1 72 4-79-1 
1-6-1 39 3-43-1 73 4-80-1 
1-7-1 40 3-44-1 74 4— 81—1 
1-9-1 41 3-45-1 75 4— 82— 1 
2-12-1 42 3-46-1 76 4-83-1 
2-13-1 43 3-55-1 77 4-86-1 
2-14-1 44 3—48—1 78 4-87-1 
2-15-1 45 3-49-1 79 4— 88— 1 
2-16-1 46 3-50-1 80 4-89-1 
2-17-1 47 3-51-1 81 4-90-1 
2-18-1 48 3-52-1 82 5-92-1 
2-19-1 49 3-53-1 83 5-93-1 
2-20-1 50 3-54-1 84 5-94-1 
2-21-1 51 3-56-1 85 5-95-1 
2-22-1 52 3-57-1 86 5-96-1 
2-23-1 53 3-58-1 87 5-97-1 
2-24-1 54 3-59-1 88 5-98-1 
2-25-1 55 3-60-1 89 5-99-1 
2-26-1 56 3-61-1 90 5-100-1 
2-27-1 57 3-62-1 
2-28-1 58 3-63-1 
2-29-1 59 3-64-1 
2-30-1 60 3-65-1 
2-31-1 61 3-67-1 
3-32-1 62 3-68-1 
3-33-1 63 3-69-1 
3-34-1 64 4-70-1 
3-35-1 65 4-71-1 
3-36-1 66 4-72-1 
3-37-1 67 4-73-1 





























Listings of BS1(HS)CI S2 lines crossed with B73 
Pedigree Pedigree Pedigree 
number Entry number Entry number 
(2060-) number (2060-) number (2060-) 
l-l-lxB73 61 3-35-lxB73 121 3-67-1XB73 
1-2-1 63 3-36-1 123 3-68-1 
1-4-1 65 3-37-1 125 3-69-1 
1-5-1 67 3-38-1 127 4-70-1 
1-6-1 69 3-39-1 129 4— 71—1 
1-7-1 71 3-40-1 131 4-72-1 
1-9-1 73 3-41-1 133 4-73-1 
2-12-1 75 3-42-1 135 4-74-1 
2-13-1 77 3-43-1 137 4-75-1 
2—14— 1 79 3-44-1 139 4-76-1 
2-15-1 81 3-45-1 141 4-78-1 
2—16— 1 83 3-46-1 143 4-79-1 
2-17-1 85 3-55-1 145 4—80—1 
2-18-1 87 3-48-1 147 4-81-1 
2-19-1 89 3-49-1 149 4-82-1 
2-20-1 91 3-50-1 151 4-83-1 
2-21-1 93 3-51-1 153 4—86—1 
2-22-1 95 3-52-1 155 4— 8 7— 1 
2-23-1 97 3-53-1 157 4—88— 1 
2-24-1 99 3-54-1 159 4-89-1 
2-25-1 101 3-56-1 161 4-90-1 
2-26-1 103 3-57-1 163 5-92-1 
2-27-1 105 3-58-1 165 5-93-1 
2-28-1 107 3-59-1 167 5-94-1 
2-29-1 109 3-60-1 169 5-95-1 
2-30-1 111 3-61-1 171 5-96-1 
2-31-1 113 3-62-1 173 5-97-1 
3-32-1 115 3-63-1 175 5-98-1 
3-33-1 117 3-64-1 177 5-99-1 
3-34-1 119 3-65-1 179 5-100-1 
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2 l-l-lxM017 62 3-35-lxM017 122 3-67-lxM017 
4 1-2-1 64 3-36-1 124 3-68-1 
6 1-4-1 66 3-37-1 126 3-69-1 
8 1-5-1 68 3-38-1 128 4-70-1 
10 1—6— 1 70 3-39-1 130 4-71-1 
12 1-7-1 72 3-40-1 132 4-72-1 
14 1-9-1 74 3-41-1 134 4-7}-1 
16 2-12-1 76 3-42-1 136 4— 74— 1 
18 2-13-1 78 3-43-1 138 4-75-1 
20 2-:4-l 80 3-44-1 140 4-76-1 
22 2-15-1 82 3-45-1 142 4-78-1 
24 2-16-1 84 3-46-1 144 4-79-1 
26 2-17-1 86 3-55-1 146 4—80—1 
28 2—18— 1 88 3-48-1 148 4-81-1 
30 2-19-1 90 3-49-1 150 4—82—1 
32 2-20-1 92 3-50-1 152 4-83-1 
34 2-21-1 94 3-51-1 154 4—86—1 
36 2-22-1 96 3-52-1 156 4— 87—1 
38 2-23-1 98 3-53-1 158 4—88—1 
40 2-24-1 100 3-54-1 160 4—89—1 
42 2-25-1 102 3-56-1 162 4-90-1 
44 2-26-1 104 3-57-1 164 5-92-1 
46 2-27-1 106 3-58-1 166 5-93-1 
48 2-28-1 108 3-59-1 168 5-94-1 
50 2-29-1 110 3-60-1 170 5-95-1 
52 2-30-1 112 3—61—1 172 5096-1 
54 2-31-1 114 3-62-1 174 5-97-1 
56 3-32-1 116 3063-1 176 5-98-1 
58 3-33-1 . 118 3-64-1 178 5-99-1 
60 3-34-1 120 3-65-1 180 5-100-1 
Table A24. Analyses of variance for five plant and grain traits for 90 BS1(HS)C1 S2 lines evaluated 
At Ames in 1982 
Traits 
Source df RTLD STLD BRK^  H2Ô YLD 
Sets (S) 5 3189. ,42 171. 15 24. 92 17. ,17 140. ,72 
Replications/S 12 116. ,94 45. ,99 9, ,90 3. 87 56. ,71 
Genotypes/S 84 1076, .41** 170, ,15** 21, .80** 19, 95** 553, ,91** 
Error 168 115, .79 36, ,37 9, ,55 1. ,65 46. ,37 
C.V. (%) 80 .39 77 .78 12, .38 5 .74 17, .93 
e^an squares were multiplied by 10 . 
A* 
Significant at the 0.01 level of probability. 
Table A25. Analyses of variance for five plant and grain traits for 90 BS1(HS)C1 S2 lines evaluated 
at Ankeny in 1982 
Traits 
Source df RTLD STLD ' BRK^  H2Ô YLD 
Sets (S) 5 354. ,80 143. ,84 35. ,96 6. ,92 387. ,92 
Replications/S 12 50. ,07 50. ,22 9, ,86 1. ,68 67, ,09 




207. ,67** 34, ,71** 14. 
CO 00 
432. ,65** 
Error 168 27, ,75 26, ,51 20, .18 0, ,97 63, ,54 
C.V. (%) 165, .91 53, .89 16, .72 5, 09 14, .98 
e^an squares were multiplied by 10 . 
Significant at the 0.01 level of probability. 
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Table A26. Correlation coefficients among five plant and grain traits for 
90 BS1(HS)C1 S2 lines at Ames and Ankeny in 1982 (phenotypic_r 
values above and genotypic jc_ values below the diagonal) 
Traits 
























































Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A27. Analyses of variance for five plant and grain traits for 180 testcross hybrid entries 
evaluated at Ames in 1982 I 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Sets (S) 5 6295. 03 73. 66 105. 91 24. 14 197. ,86 
Replications/S 12 636. 72 17. 36 2. 70 5. 36 80. 15 
Genotypes/S 174 693. 69** 61. ,07** 18. ,03** 10. 93** 300. ,05** 
Lines (L)/S 84 1165. .69** 97. ,87** 22, ,68** 13. ,43** 349. 37** 
Testers (T)/S 6 458. 37 69. ,65** 66, .80** 71. ,57** 2444. ,89** 
L X T/S 84 238, ,50** 23, .60 9, .90* 4, .09** 97, .51 
Error 348 108, .88 24. 46 7, .27 2, .59 88. ,83 
C.V. (%) 56 .73 64 .35 9 .45 6 .06 10 .27 
M^ean squares were multiplied by 10 . 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A28. Analyses of variance for five plant and grain traits for 180 testcross hybrid entries 
evaluated at Ankeny in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Sets (S) 5 47. 00 96. 82 167. 71 2. ,91 351. ,81 
Replications/S 12 24. ,12 31. ,03 20. ,87 0. ,84 161, ,49 






28. 37** 6. ,03** 451, 00
 
X- X-
Lines (L)/S 84 92, ,72** 44, C
M 31, .66** 8. ,64** 534, .97** 
Testers (T)/S 6 165. ,52** 12, .97 75, .18** 27, .13** 3698, ,10** 
L X T/S 84 50 .96** 12, .54 21, .74 1, .91** 136, .83* 
Error 348 19, .36 10 .96 20 .08 1, .06 96 .51 
C.V. (%) 162 .73 72 .93 18 .11 4 .98 10 .14 
e^an squares were multiplied by 10^ . 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
Table A29. Analyses of variance for five plant and grain traits for 90 B73 testcross hybrid entries 
evaluated at Ames in 1982 
Traits 
Source df RTLD STLD BRK^  H2Ô YLD 
Sets (S) 5 3457. 39 89. ,29 47. 05 16. ,29 67. ,31 
Replications/S 12 455, ,99 16. ,97 5. ,65 8. ,88 51. ,13 
Genotypes/S 84 766. ,19** 51. ,20** 17. 07** 10. ,71** 210. ,63** 
Error 168 112, .46 20, .64 7, .40 2, .87 94. ,29 
C.V. (%) 52, .37 63 .51 9 .82 6, .17 10, .03 
e^an squares were multiplied by 10 . 
Significant at the 0.01 level of probability. 
Table A30. Analyses of variance for five plant and grain traits for 90 B73 testcross hybrid entries 
evaluated at Ankeny in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Sets (S) 5 78. 94 29. 13 80. ,34 4. ,17 326. 06 
Replications/S 12 46. ,34 25. ,32 33. ,44 0. 74 187. 50 
Genotypes/S 84 125. ,00** 23. 26** 29, .69 6. ,02** 298. 32** 
Error 168 26, .69 10. ,53 22, .12 1, .24 96. 18 
C.V. (%) 132, .60 71, .90 19 .38 5, .24 9, ,51 
M^ean squares were multiplied by 10^ . 
** 
Significant at the 0.01 level of probability. 
Table A31. Analyses of variance for five plant and grain traits for 90 M017 testcross hybrid entries 
evaluated at Ames in 1982 
Traits 
Source df RTLD STLD BKK^  H2Ô YLD 
Sets (S) 5 2886. ,53 37. ,66 63. 33 10. 59 255. ,01 
Replications/S 12 328. 37 29. ,17 3. ,50 1. 70 85. 95 
Genotypes/S 84 637. ,95** 70, ,32** 15. ,51** 6. ,81** 236, .27** 
Error 168 102, .49 27, .94 7, .21 2, .13 85, .65 
C.V. (%) 61 .23 64 .35 9, .13 5, .68 10 .68 
e^àn squares were multiplied by 10 . 
Significant at the 0.01 level of probability. 
Table A32. Analyses of variance for five plant and grain traits for 90 M017 testcross hybrid entries 
evaluated at Ankeny in 1982 
Traits 
Source df RTLD STLD BRK^  H20 YLD 
Sets (S) 5 13.06 83.14 154.21 2.77 198.07 
Replications/S 12 18.92 18.50 7.07 1.02 154.34 
Genotypes/S 84 18.64** 33.99** 25.71* 4.52** 373.48** 
Error 168 10.49 11.30 18.01 0.90 90.85 
C.V. (%) 214.18 73.49 16.84 4.70 10.52 
M^ean squares were multiplied by 10 . 
' Significant at the 0.05 and 0.01 levels of probability, respectively. 
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Table A33. Correlation coefficients among five plant and grain traits for 
90 BS1(HS)C1 S2 lines in hybrid combinations, data combined 
over testers for individual environments 
Traits 

























































Significant at the 0.05 level of probability. 
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Table A34. Correlation coefficients among five plant and grain traits for 
90 B73 testcross hybrid entries evaluated at Ames and Ankeny 
in 1982 (phenotypic ^  values above and genotypic £ values 
below the diagonal) 
Traits 
























































Significant at the 0.05 level of probability. 
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Table A35. Correlation coefficients among five plant and grain traits for 
M017 testcross hybrid entries at Ames and Ankeny in 1982 
(phenotypic r^  values above and genotypic r^  values below the 
diagonal) 
Traits 
























































' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A36. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ames in 1982 with 180 S2 
line testcross hybrid entries, data combined over inbred 
testers at Ames in 1982 (S2 line traits on the horizontal 
axis and the S2 line testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.661** 0.010 -0.128 0.080 0.061 
STLD 0.088 0.444** -0.063 0.046 0.103 
BRK -0.001 0.041 0.317** -0.026 0.113 
H20 0.159 0.019 0.093 0.628** 0.263* 
YLD 0.011 -0.066 0.174 0.214* 0.436** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A37. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ankeny in 1982 with 180 S2 
line testcross hybrid entries, data combined over inbred 
testers at Ankeny in 1982 (S2 line traits on the horizontal 
axis and the S2 line testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.239* -0.012 -0.042 0.158 0.151 
STLD 0.114 0.536** 0.125 0.166 -0.022 
BRK 0.017 0.216* 0.401** -0.027 0.002 
H20 -0.191 0.028 -0.078 0.716** -0.024 
YLD 0.197 -0.209* 0.124 0.265* 0.507** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A38. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ames in 1982 with 180 S2 
line testcross hybrid entries, data combined over inbred test­
ers and environments in 1982 (S2 line traits on the horizontal 
axis and the S2 line testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.654** 0.089 -0.130 0.099 0.085 
STLD 0.028 0.506** -0.022 0.038 0.091 
BRX -0.162 0.103 0.363** 0.037 0.039 
H20 0.128 0.063 0.004 0.625** 0.194 
YLD 0.069 -0.065 0.165 0.194 0.456** 
Significant at the 0.01 level of probability. 
Table A39. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ankeny in 1982 with 180 S2 
line testcross hybrid entries, data combined over inbred test­
ers and environments in 1982 (S2 line traits on the horizontal 
axis and the S2 line testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.379** -0.062 -0.007 0.163 0.019 
STLD 0.123 0.538** 0.028 0.204 -0.048 
BRK 0.013 0.197 0.521** -0.025 0.086 
H20 0.258* -0.061 -0.049 0.757** 0.003 
YLD 0.144 -0.270* 0.115 0.258* 0.530** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A40. Simple correlation coefficients of five plant and grain traits 
for 90 82 line entries evaluated at Ames in 1982 with 90 S2 
line by B73 testcross hybrid entries evaluated at Ames in 1982 
(82 line traits on the horizontal axis and the 82 line by B73 
testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.598** 0.125 -0.113 0.089 0.126 
STLD 0.110 0.320** -0.085 0.007 0.098 
BRK -0.016 0.067 0.275** -0.023 0.034 
H20 0.171 0.029 0.163 0.540** 0.225* 
YLD -0.075 -0.003 0.144 0.213* 0.297** 
* . * *  
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A41. Simple correlation coefficients of five plant and grain traits 
for 90 82 line entries evaluated at Ankeny in 1982 with 90 82 
line by B73 testcross hybrid entries evaluated at Ankeny in 
1982 (S2 line traits on the horizontal axis and the S2 line by 
B73 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.192 -0.016 -0.030 0.087 0.127 
STLD 0.089 0.450** 0.088 0.048 0.048 
BRK -0.063 0.186 0.272** -0.058 -0.039 
H20 0.168 0.147 -0.130 0.617** -0.048 
YLD 0.234* -0.104 0.147 0.294** 0.403** 
*. ** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A42. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ames in 1982 with 90 82 
line by B73 testcross hybrid entries, data combined over envi­
ronments in 1982 (S2 line traits on the horizontal axis and 
the S2 line by B73 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.590** 0.110 -0.120 0.099 0.142 
STLD 0.052 0.385** -0.060 -0.056 0.113 
BRK -0.210* 0.137 0.288** 0.023 -0.011 
H20 0.156 0.103 0.045 0.550** 0.163 
YLD 0.009 0.011 0.148 0.230* 0.344** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A43. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ankeny in 1982 with 90 S2 
line by B73 testcross hybrid entries, data combined over envi­
ronments in 1982 (S2 line traits on the horizontal axis and 
the S2 line by B73 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.395** -0.066 0.004 0.142 -0.064 
STLD 0.083 0.424** -0.003 0.113 0.043 
BRK -0.040 0.215* 0.392** -0.077 0.021 
H20 0.254* 0.028 -0.049 0.684** 0.112 
YLD 0.166 -0.140 0.062 0.235* 0.391** 
** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
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Table A44. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ames in 1982 with 90 S2 
line by M017 testcross hybrid entries evaluated at Ames in 
1982 (82 line traits on the horizontal axis and the 82 line by 
M017 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.631** 0.057 -0.126 0.059 -0.021 
STLD 0.051 0.462** -0.030 0.071 0.087 
BRK 0.016 -0.006 0.246* -0.035 0.150 
H20 0.102 0.001 -0.016 0.579** 0.244* 
YLD 0.089 -0.108 0.162 0.166 0.465** 
* ** 
' Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
Table A45. Simple correlation coefficients of five plant and grain traits 
for 90 82 line entries evaluated at Ankeny in 1982 with 90 S2 
line by M017 testcross hybrid entries evaluated at Ankeny in 
1982 (82 line traits on the horizontal axis and the 82 line by 
M017 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.254* 0.004 -0.053 0.270* 0.146 
STLD 0.113 0.502** 0.131 0.229* -0.074 
BRK 0.090 0.141 0.322** 0.025 0.040 
H20 0.176 -0.117 0.000 0.674** 0.010 
YLD 0.122 -0.260* 0.077 0.183 0.495** 
* ** 
Significant at the 0.05 and 0.01 levels of probability, 
respectively. 
197 
Table A46. Simple correlation coefficients of five plant and grain traits 
for 90 82 line entries evaluated at Ames in 1982 with 90 S2 
line by MO17 testcross hybrid entries, data combined over 
environments in 1982 (82 line traits on the horizontal axis 
and the S2 line M017 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.620** 0.048 -0.121 0.083 0.000 
STLD 0.003 0.519** 0.014 0.110 0.057 
BRK -0.072 0.035 0.323** 0.038 0.072 
H20 0.067 0.002 -0.046 0.584** 0.191 
YLD 0.011 -0.121 0.152 0.127 0.474** 
Significant at the 0.01 level of probability. 
Table A47. Simple correlation coefficients of five plant and grain traits 
for 90 S2 line entries evaluated at Ankeny in 1982 with 90 82 
line by M017 testcross hybrid entries, data combined over 
environments in 1982 (82 line traits on the horizontal axis 
and the S2 line by M017 testcross traits on the vertical axis) 
Traits 
Traits RTLD STLD BRK H20 YLD 
RTLD 0.295** -0.046 -0.020 0.161 -0.039 
STLD 0.135 0.540** 0.048 0.244* -0.115 
BRK 0.057 0.115 0.485** 0.033 0.120 
H20 0.208* -0.169 -0.038 0.685** 0.072 
YLD 0.099 -0.338** 0.142 0.233* 0.560** 
* ** 






























Rankings of 90 S2 lines for mean performance in hybrid combi­
nations over testers and environments, lines ranked within 
sets by Smith-Hazel index values 
Set 1 
Index RTLD STLD BRK H20 YLD 
rank rank rank rank rank rank 
1 12 3.5 8 7 1 
2 7 6.5 1 4 5 
3 6 11.0 7 3 4 
4 5 2.0 4 10 8 
5 9 9.0 5 5 7 
6 10 8.0 6 6 11 
7 8 1.0 9 2 13 
8 13 6.5 12 15 2 
9 11 15.0 3 1 12 
10 2 3.5 13 9 10 
11 4 14.0 10 11 9 
12 3 5.0 15 13 6 
13 15 13.0 2 8 15 
14 14 12.0 14 14 3 
15 1 10.0 11 12 14 
Set 2 
1 8.0 1.0 2 2 8 
2 13.0 3.0 10 6 2 
3 4.0 8.0 14 1 3 
4 6.0 5.0 8 13 1 
5 11.5 13.0 3 4 7 
6 2.5 4.0 6 3 11 
7 2.5 2.0 9 12 4 
8 15.0 10.0 5 11 5 
9 10.0 9.0 1 15 6 
10 5.0 14.0 4 10 10 
11 1.0 6.5 7 14 12 
12 11.5 11.5 13 5 13 
13 14.0 6.5 12 9 15 
14 9.0 11.5 11 7 14 

































































Index RTLD STLD BRK H20 
rank rank rank rank rank 
1 8.0 6.0 4 1 
2 6.0 2.0 5 7 
3 11.0 7.5 12 4 
4 7.0 1.0 7 9 
5 10.0 7.5 14 3 
6 12.0 5.0 3 12 
7 4.0 4.0 8 6 
8 15.0 10.0 2 15 
9 2.5 3.0 6 8 
10 14.0 11.0 11 13 
11 13.0 9.0 9 5 
12 2.5 12.5 10 2 
13 5.0 12.5 13 10 
14 9.0 15.0 1 14 
15 1.0 14.0 15 11 
Set 4 
1 1.0 2.5 1 4.0 
2 9.5 4.0 2 15.0 
3 11.0 7.5 3 13.0 
4 6.0 1.0 10 7.0 
5 12.0 5.5 5 2.5 
6 7.0 12.0 6 12.0 
7 2.0 14.0 7 9.0 
8 8.0 7.5 14 8.0 
9 9.5 9.0 12 6.0 
10 5.0 2.5 15 14.0 
11 3.5 5.5 13 10.0 
12 14.0 10.0 8 2.5 
13 15.0 11.0 4 11.0 
14 3.5 13.0 9 5.0 































Index RTLD STLD BRK H20 YLD 
rank rank rank rank rank rank 
1 7.0 1 1 14.5 10 
2 13.0 11 2 9.0 6 
3 12.0 2 8 6.0 7 
4 4.0 4 4 5.0 12 
5 11.0 10 12 1.0 1 
6 2.5 13 7 7.0 2 
7 2.5 3 9 12.0 9 
8 5.0 8 3 3.0 14 
9 10.0 6 13 4.0 4 
10 8.0 9 5 14.5 11 
11 9.0 7 6 11.0 15 
12 1.0 5 15 2.0 8 
13 6.0 14 11 8.0 5 
14 14.0 12 10 10.0 13 
15 15.0 15 14 13.0 3 
Set 6 
1 1 3.0 7 5 5 
2 4 5.5 4 6 7 
3 5 7.0 6 1 11 
4 7 13.0 2 11 6 
5 6 1.0 14 8 3 
6 8 8.0 5 4 12 
7 12 4.0 9 15 1 
8 11 11.0 3 12 8 
9 13 9.0 12 14 2 
10 10 2.0 10 2 14 
11 14 11.0 1 13 13 
12 9 5.5 13 10 9 
13 15 11.0 8 9 10 
14 2 14.0 15 3 4 
15 3 15.0 11 7 15 
